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ABSTRACT

A study was conducted to determine the effects of design and operating parameters on the draught of
model chisel furrowers in an artificial soil in a laboratory soil bin. The design parameters considered were
slide and nose angles while operating parameters were soil depth and tool travel speed. The effects of the
interactions of depth and speed on slide and nose angles were evaluated. The influences of depth and
speed on the interactions of slide and nose angles were also determined. Results showed that draught
increased with increases in depth, speed, slide and nose angles. Soil depth gave draught values that were
slightly higher than that of tool speed. The effect of depth on the interactions of slide and nose angles
resulted in higher draught than with speed. The slight differences recorded in draught of the model tools
showed that the tool design parameters were a suitable combination and the tools could perform well in a
good soil if depth and speed are carefully selected.

KEYWORDS: Chisel furrower, draught, soil bin, artificial soil, slide angle, nose angle.
1. INTRODUCTION

The design of tillage tools to accomplish different jobs is a very complex engineering work. This is based
on the fact that different crops require different soil preparations. Different soil conditions also require
different tillage operations. Shape and size are usually the first parameters to be considered in the design
of any tillage tool. The shape influences the pattern of soil movement and final soil conditions while the
size determines the power required to pull the tool through the soil. Although the designer can control
tool shape and size, tools cannot perform optimally without proper combination and orientation of the
tool design parameters. Tillage tools of different shapes and sizes have been designed and constructed for
the purpose of soil manipulation. One of the most important performance criteria in tillage tool design is
the force needed to pull the tool through a given soil (Gill and Vanden-Berg, 1967). Several researchers
(Bukhari et al., 1990; Harrison and Bai, 1990; Oni et al., 1992; Biswas et al., 1993; Salokhe and Pathak,
1993; Hann and Giessibl, 1998; Onwualu and Watts, 1998; Shrestha et al., 2001) have investigated the
relationships between tool geometry, tool travel speed and depth of tool engagement, soil failure pattern
and volume of soil upheaval. The results reported by each of these researchers varied with tool geometry,
operational parameters and soil conditions at the time of the experiments.

Shirin et al. (1993) evaluated the effects of disc and working parameters on the performance of a disc
plough in a clay soil in the field. Experiments were conducted at disc angles of 40°, 45° and 50°; tilt
angles of 17°, 20° and 23°, and average forward speeds of 3, 4 and 5 km/h. They reported that at 17° tilt
and 45° disc angles, the specific draught decreased with an increase in soil moisture content for all the
ploughing speeds. Draught decreased when disc angle was increased from 40° to 45°. There was a sharp
increase in draught when the disc angle was changed from 45° to 50° in all cases. Increases in disc angle
increased disc penetration and the width of cut. At all disc angles and speeds, there was a marked
decrease in specific draught with an increase in tilt angle.

Fielke (1996) studied the effect of the cutting edge geometry of tillage implements on tillage forces,
soil failure and soil movement below the tillage depth in the field and in a laboratory soil bin. He used
experimental sweeps that were standardized with 400 mm width; 32 mm lift height, 10° rake angle
and 70° sweep angle. He reported that increasing the speed of operation consistently increased the
draught but had little effect on the vertical force. An increase in cutting edge height increased the
forward and downward movement of soil at the cutting edge, and an increasing draught and vertically
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upward forces accompanied this. The sharp cutting edge of the tillage tool minimized the draught and
vertically upward forces and it also gave a minimum soil disturbance below the tillage depth. Mckyes
and Maswaure (1997) evaluated the effects of the geometric parameters of flat tillage tools on their
draught, cutting efficiency and loosening of a moist clay soil. They observed increases in draught with
width, depth and rake angle of the tools. Al-Suhaibani and Al- Janobi (1997) investigated the effects
of speed and depth on the draught of a chisel plough, an offset disk harrow, a mouldboard plough and
a disk plough on a sandy loam soil in the field. The authors observed a significant increase in draught
for all the implements with an increase in depth. The specific draughts of the four tillage implements
were also affected significantly by speed and depth.

Mouazen and Nemenyi (1999) estimated the draught and vertical forces, soil deformation and normal
pressure distribution on four geometrically similar subsoilers using the finite element method. The
four subsoilers studied have a combination of a vertical shank with 15°, 23° and 31° inclined chisels,
and a 75° rake angle shank with 15° inclined chisel. They reported that a subsoiler with a shank angle
of 75° and a chisel angle of 15° had the least draught. Manian et al. (2000) conducted studies in a soil
bin containing black clay loam and sand in order to assess the draught, vertical and lateral components
of reaction in discs at different moisture levels. The variables used were disc angle (40, 44 and 48°),
tilt angle (16, 20 and 24°), disc diameter (51, 56 and 61 cm) and forward speed (4, 7 and 10 km/h).
Soil moisture content, speed and disc diameter affected the draught, vertical and lateral components of
reaction in both soils at varying degrees. The 16° tilt angle setting resulted in lower draught and
vertical reaction components as compared to the 24° and 30° settings. Disc angles set at 44° gave
minimum draught than at 40° and 48°. The vertical reaction component decreased as the disc angle
increased.

Natsis et al. (2002) investigated the influence of foreploughshare and disc coulter on tillage quality
and tractor fuel consumption in a clay soil in the field. The treatments consisted of tillage with
mouldboard plough equipped with both disk coulter and foreploughshare; tillage with mouldboard
plough equipped with foreploughshare without disk coulter, and tillage with mouldboard plough but
without disk coulter or foreploughshare. The authors reported that tillage with no foreploughshare or
disk coulter produced the least soil draught while tillage with foreploughshare and no disk coulter
gave the highest soil draught. Tillage with disk coulter reduced both soil draught and tractor fuel
consumption. Although tillage with disk coulter and foreploughshare did not give the least soil
draught, the best tillage quality was obtained at this treatment.

Despite the fact that several works have been done on the effects of design and operating parameters
on numerous model tools, none was on model chisel furrowers. The objective of this study was
therefore to determine the effects of design and operating parameters on the draught of model chisel
furrowers in an artificial soil.

2. MATERIALS AND METHODS

The soil bin facility used for this experimental study was located in the Tillage and Traction
laboratory in the Department of Agricultural Engineering, University of Ilorin. The soil bin was 5.6 m
long, 0.44 m wide and 0.58 m deep. The transmission from a single-axle tractor was used as source of
power for soil processing and tool carriage. The carriage (Fig. 1) was equipped with a rotary tiller,
soil leveller, roller compactor, tool bar frame and tool bar. The details of the design and construction
of the soil bin and the carriage accessories were presented by Mamman (2002). The rotary tiller was
used for soil pulverization after each test run. The roller compactor was used to compact the
pulverized soil in the soil bin to a uniform density. The tool bar carries the model tool and the
transducer. A 3.73 kW, three-phase electric motor served as the prime mover for the carriage and the
rotary tiller.
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Fig.1: Schematics of a single-axle tractor showing soil processing carriage and model tool
arrangements in the soil bin.

The transducer used for measuring the draught of the model tools consisted of two electrical
resistance strain gages, two-140Q fixed resistors and 5V power supply. One of the strain gages was
mounted on one face of the tool bar in direction of travel (tension) and the other one was mounted on
the opposite face of the tool bar (compression). The transducer was connected to a Wheatstone bridge.
The Wheatstone bridge was connected to an amplifier, which was in turn connected to an S-T plotter.
Details of the design and construction of the transducer and amplifier was presented by Mamman
(2002).

The model tools were intended to create furrows in a vertisol (Typic Pellustert) for dry season
sorghum (Masakwa) seedling transplanting. But because of the difficulty of getting workable moisture
content, the soil was composed into an artificial soil by mixing with hydraulic transmission oil
(Azolla 68 ZS). Particle size analysis of the original vertisol gave 5% sand, 35% silt and 60% clay
(Ohu et al., 2001). The strength properties of the artificial soil were determined for cohesion (3.66
kPa), adhesion (3.90 kPa), soil angle of internal friction (4.17°) and soil-metal friction angle (22°).

Thirty-six geometrically similar model chisel furrowers were designed and fabricated for the study.
The model tool design parameters were cutting edge height (H), slide angle (), nose angle (y), width
(W) and height (h). All tools were 150 mm long and the cutting edge of each was 1 mm thick. The
width and height of each model tool was proportional to its nose and slide angles, respectively. The
geometric parameters of the model tools considered in this report were slide and nose angles. The
slide angles used were 5, 10, 15 and 20° and the nose angles were 10, 20 and 30°. The operating
parameters used for the investigation were soil depth and tool travel speed. Soil depths were 2.5, 5,
7.5 and 10 cm while tool speeds were 2, 5, 10 and 15 cm/s.

A 3x3x4x4x4 (3 levels each of cutting edge height and nose angle, and 4 levels each of slide angle,
speed and depth) full factorial statistical design was used for data collection. The experiments were
replicated two times. Analysis of variance of the mean values of draught was carried out using a
statistical package; Genstat 5 and Least Significant Difference (LSD) tool was used to test the level of
significance. The mean values of draught that were statistically significant were used for the
interpretation of the results. The effects of the interaction of depth and speed on slide and nose angles
and the effects of the interactions of slide and nose angles on draught as affected by depth and speed
were reported.
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3. RESULTS AND DISCUSSION

Figures 2-5 illustrate the response of draught of model tools to changes in slide angle, tillage depth
and tool travel speed. At each level of speed of operation, draught increased with increases in slide
angle and tillage depth. For all slide angles and tillage depths, draught increased with increases in tool
travel speed. At a tool travel speed of 2 cm/s and tillage depth of 2.5 cm, a mean draught of 76.70 N
and 117.64 N were recorded at 5° and 20° slide angles, respectively. For the same tool speed (2 cm/s)
and tillage depth of 10 cm, a mean draught of 118.32 N and 156.89 N were obtained at 5° and 20°
slide angles, respectively. At the highest tool speed considered in the study (15 cm/s) and at tillage
depth of 2.5 cm, a mean draught of 122.83 N was recorded at 5° slide angle and 154.04 N was
obtained at 20° slide angle. For the same tool speed (15 cm/s) and tillage depth of 10 cm, a mean
draught of 159.34 N and 188.35 N were obtained at 5° and 20° slide angles, respectively.
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120 -
110 1
100
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80

70 T T T T T T T 1
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Draught (N)

Fig. 2: Influence of slide angle and depth on draught at a speed of 2 cm/s: d=depth; 4d;=2 cm;
Md,=5cm; Ad;=7.5cm; ®d,=10 cm
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Fig. 3: Influence of slide angle and depth on draught at a speed of 5 cm/s: d=depth; #d;= 2
cm; Md,=5cm; Ad;=7.5cm; ®d,=10 cm
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Fig. 4: Influence of slide angle and depth on draught at a speed of 10 cm/s: d=depth; #d,= 2
cm; Md,=5cm; Ad;=7.5cm; ®d,=10 cm
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Fig. 5: Influence of slide angle and depth on draught at a speed of 15 cm/s: d=depth; #d;= 2
cm; Bd,=5cm; Ads=7.5cm; ®d,=10 cm

Figures 6-9 show the effects of nose angle, tillage depth and tool travel speed on the draught of the
model tools. For each level of tool travel speed, draught increased with increases in nose angle and
tillage depth. For all nose angles and tillage depths, draught increased with increases in the levels of tool
travel speed. At a tillage depth of 2.5 cm and tool speed of 2 cm/s, mean draught was 76.30 N at a nose
angle of 10° For the same speed of tool movement (2 cm/s) and tillage depth of 10 cm, draught
increased to 120.94 N at 10° nose angle and 145.05 N at 30° nose angle. For a tool travel speed of 15
cm/s and tillage depth of 2.5 cm, draught recorded was 124.33 N and for the same speed, draught
increased to 184.23 N at a soil depth of 10 cm. These mean values of draught obtained from the
interactions of depth and speed on slide and nose angles showed that draughts were significantly (P<
0.05) affected by both the tillage depth and tool speed.
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Fig. 6: Influence of nose angle and depth on draught at a speed of 2 cm/s: d=depth; 4#d,= 2 cm;
Md,=5cm; aAd;=7.5cm; ®d,=10 cm
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Fig. 7: Influence of nose angle and depth on draught at a speed of 5 cm/s: d=depth; 4d;=2 cm;
Bd,=5cm; Ad;=7.5cm; ®d,=10 cm
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Fig. 8: Influence of nose angle and depth on draught at a speed of 10 cm/s: d=depth; 4d,= 2
cm; ®d,=5cm; Ad;=7.5cm; ®d,=10 cm
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Fig. 9: Influence of nose angle and depth on draught at a speed of 15 cm/s: d=depth; 4d;= 2
cm; Bd,=5cm; Ads=7.5cm; ®d,=10 cm

Figures 10-13 present the influence of tillage depth on the interactions of slide and nose angles on
draught of the model tools. For all the figures the draught increased with increases in depth, slide and
nose angles. At 2.5 cm depth and 5° slide angle, mean draught was 87.63 N at 10° nose angle. For the
same depth (2.5 cm) and slide angle (5°) the draught increased to 104.84 N and 114.91 N at 20° and
30° nose angles, respectively. At 2.5 cm depth and 20° slide angle, the draught increased from115.63
N at 10° nose angle t0149.46 N at 30° nose angle. At the highest depth (10 cm) of tillage and 5° slide
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angle, draught increased from 123.48 N at 10° nose angle to 149.93 N at 30° nose angle. For the same
depth (10 cm) and 20° slide angle, draught increased from 151.39 N at 10° nose angle to 186.57 N at
30° nose angle. Figures 10 and 11 show that mean values of draught at 10° nose angles were
significantly (P< 0.05) less than at 20° nose angles. The differences in mean values of draught
between 20%nd 30° nose angles were however small. In Figures 12 and 13, the differences in mean
values of draught were not significantly different among the three levels of nose angle considered.
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Fig. 10: Effect of the interaction of slide and nose angles on draught
at a depth of 2 .5 cm: y=nose angle; ¢: y;= 10°; B y,=20° A ys;= 30°.
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Fig.11: Effect of the interaction of slide and nose angles on draught
at a depth of 5 cm: y=nose angle; : y,= 10°; B y,=20° A y;= 30°.
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Figures 14-17 give the relationships of the influence of speed on the interactions of slide and nose
angles on draught of the model tools. At a speed of 2 cm/s, 5° slide angle and 10° nose angle, a mean
draught of 78.7 N was recorded while the same speed and slide angle gave a mean draught of 120.43
30° nose angle. For the same speed (2 cm/s) and nose angle (10°), an increase in slide angle
from 5° to 20° resulted in an increase in draught from 78.7 N to 116.22N, respectively. Also, at a
speed of 2 cm/s and 30° nose angle, draught increased from 120.43 N at 5° slide angle to 145.94 N at
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Fig. 12: Effect of the interaction of slide and nose angles on draught
at a depth of 7.5 cm: y=nose angle; 4: y;= 10°; B y,=20° A y;= 30°.
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Fig.13: Effect of the interaction of slide and nose angles on draught
at a depth of 10 cm: y=nose angle; 4: y;= 10°; B y,=20°% A y,;= 30°.

Nigerian Institution of Agricultural Engineers © 13



Journal of Agricultural Engineering and Technology (JAET). Volume 13, 2005

20° slide angle. When the speed was increased to 15 cm/s, a draught of 124.42 N was recorded at 5°
slide and 10° nose angles. A draught of 149.25 N was obtained when nose angle was increased to 30°
at same speed (15 cm/s) and slide angle (5°). At 20° slide angle and 15 cm/s tool speed, a mean
draught of 155.85 N was recorded at 10° nose angle and this increased to 179.37 N at 30° nose angle.
Figures 14-17 show that mean values of draught at 10° nose angles were significantly (P< 0.05) less
than at 20° nose angles. However, the differences in mean values of draught between 20° and 30° nose

angles were small.
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Fig.14: Effect of the interaction of slide and nose angles on draught
at a speed of 2 cm/s: y=nose angle; 4: y;= 10°; B y,=20° A y,= 30°.
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Fig.15: Effect of the interaction of slide and nose angles on draught
at a speed of 5 cmV/s: y=nose angle; 4: y,= 10°; B y,=20% A y,;= 30°.

Nigerian Institution of Agricultural Engineers © 14



Journal of Agricultural Engineering and Technology (JAET). Volume 13, 2005

Draught (N)

Draught (N)

180 -

170 -

160 4

150 -

140 -

130 S

120 4

110 L] L] L] L] L] L] L] L]
2.5 5 7.5 10 12.5 15 17.5 20 22.5

Slide angle, B (degree)

Fig.16: Effect of the interaction of slide and nose angles on draught

at a speed of 10 cm/s: y=nose angle; 4: y;= 10°; M y,=20% A y;= 30°.
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Fig.17: Effect of the interaction of slide and nose angles on draught
at a speed of 15 cm/s: y=nose angle; 4: y;= 10°; W y,=20°% A y;= 30°.
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4. CONCLUSION

Model chisel furrowers were designed and fabricated for creating furrows suitable for seedling
transplanting. The performances of the model tools were examined in a vertisol composed into an artificial
soil in a laboratory soil bin. The artificial soil composed had properties similar to the vertisol in the field.
Tool design parameters considered were slide and nose angles and operating parameters were tillage depth
and tool travel speed. The effects of the interactions of depth and speed on slide and nose angles were
examined. The influences of depth and speed on the interactions of slide and nose angles were also
evaluated. The combined effects of the different levels of depth and speed on the various levels of slide and
nose angles increased the draught of the model tools significantly. The interactions of depth and speed on
slide angle gave draught values that were a little higher than those of nose angle. The effect of depth and
speed on the interactions of slide and nose angles also led to increases in draught with increase in the levels
of these design and operating parameters. The effect of depth on the interactions of slide and nose angles
gave draught values that were slightly higher than those obtained with effect of speed. These findings show
that the tool design parameters were a good combination and with proper selection of depth and speed, the
tool could consume less energy in creating furrows.
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ABSTRACT

This paper reports the design and laboratory testing of equipment for metering yam setts, as a
precursory step in the development of a mechanical yam sett planter. The metering equipment was
designed to discharge a yam sett at every 1000 mm of within-row spacing using a ground-wheel drive
system. Yam setts flow by gravity from a hopper into a metering drum having an internal helical
screw and lift flaps, which discharge the yam setts for planting. Laboratory tests of the prototype
gave a metering efficiency of 82.2% with percentages of singles, multiples and skips being 80.5%,
0.2% and 17.7%, respectively. The theoretical field capacity is 0.2 to 0.4 ha h™ at planting speeds of
2.7 t0 5.0 km h™. The work provides a basis for the future development of a mechanical yam sett
planter.

KEYWORDS: Yam sett, metering, planting, equipment, design, laboratory testing.
1.1 INTRODUCTION

Yam (Dioscorea spp.), a tuber crop, is a major staple food in some parts of the tropics and is also
known to have a long-standing economic and socio-cultural significance in the lives of some
communities (Onwueme, 1982; Hahn et. al., 1987; Degras, 1993; Otoo et. al., 2001). Yams are grown
principally for the carbohydrate they provide. In Nigeria, yam constitutes over 20% of daily calorific
intake (Iwueke, et al., 1983) and the country accounts for over half the total world yam production
(Hahn et. al., 1987; lhekoronye and Ngoddy, 1985). The total world production of food yam is
estimated at 20 — 25 million tonnes per year.

A large acreage of land is cultivated annually for yam production but its planting and harvesting
operations are largely manual. Manual planting operation is quite inefficient and very cumbersome,
requiring between 350 and 600 man-days of labour per hectare (Onwueme, 1982; Nwuba and Kaul,
1987). Traditionally, the farmers cut large tubers into setts of about 100 — 150 g, or use small whole
tubers, called seed yams, as planting materials. Seed yams, which are planted, weigh between 100 to
1500 g, are 45 — 80 mm in diameter and 150 — 250 mm long (Odigboh and Akubuo, 1989).
Unfortunately, since seed yams are whole tubers, they are often consumed as food, resulting in a
scarcity of planting material.

The shortage and the associated relatively high cost of seed yams informed the development of the
minisett technique (Okoli et al., 1982). Whole yam tubers are cut into small pieces (25 g or less)
called minisetts and are planted to produce seed yams. However, this technique, which is only a
means to produce planting material, involves specialised cultivation activities beyond the normal
scope of peasant farmers. In contrast, yam setts are culturally accepted, readily available and
constitute the main planting material used by peasant farmers.

Consequently, the development of mechanical yam planters, which are compatible, in particular, with
the cultural practice of yam sett planting would be worthwhile. In respect of yam sett planting,
Onwueme (1982) and Odigboh and Akubuo (1989) reported that the orientation of yam setts does not
affect their emergence, since any part of the sett will sprout under favourable conditions. The
recommended planting depth for yam setts, reported in literature, is between 80 -100 mm below the
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top of hand-made mounds or mechanized ridges, with a spacing of 1000 mm between rows and 1000
mm within rows (Irvine, 1969; Onwueme 1982). Traditionally, wider or narrower spacings may be
used in ill-defined rows depending on the size of the planting material (Onwueme, 1982).

In general, very little is reported in the literature on the mechanization of yam production.
Vandevenne (1973) reported on stanchion ridgers for mechanizing the planting of yams. Odigboh and
Akubuo (1989, 1991) reported work on the design and development of automatic planters for planting
minisetts and seed yams, respectively. However, in addition to the limitations of using seed yams and
minisetts as planting materials, Aluko and Makanjuola (2002) pointed out the importance of
developing a mechanical yam sett planter, which will satisfy traditional agronomic practices and will
be more culturally acceptable to peasant farmers.

In separate investigations into the mechanization of yam planting, different researchers have reported
satisfactory results using planting units that are similar in design (Aluko, 1983; Odigboh and Akubuo,
1991; Aluko and Makanjuola, 2002). In contrast, choking and/or blockage at the hopper throat on
account of the size, shape and frictional characteristics of yam planting materials, particularly yam
setts, have plagued earlier efforts to develop metering systems for mechanized yam planting (Akubuo
et al., 1987; Akinlade and Solaja, 1997; Tomori, 2002).

Indeed, it has been pointed out (Odigboh and Akubuo, 1991) that, in the development of a yam
planter, the metering mechanism represents the major work of innovation. This report describes the
design of new equipment for metering yam setts from the hopper into the delivery manifold of a
mechanical yam sett planter.

The objectives of this work were: to design and fabricate equipment for metering yam setts, test the
metering equipment in order to evaluate its performance and predict machine theoretical field
capacity.

2. MATERIALS AND METHODS
2.1 Design Principles and Considerations

The metering equipment was conceived as a simple device for transferring yam setts from a hopper
into the delivery tube of a tractor-mounted yam planter, without bruising the periderm of the setts.
Also, the equipment should be easy to fabricate and usable by anybody, even without any previous
technical training.

The metering equipment was designed using basic engineering principles. Details of materials
specifications, selection and design calculations for the machine components are presented in
Appendix A.

Table 1 shows the dimensions of the major components of the equipment. The envisaged planter,
equipped with the metering equipment, will be hitched to a tractor as shown in Fig. 1. The metering
mechanism is ground-wheel driven so that, the within-row spacing is independent of the tractor
forward speed.
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Table 1. Specification of major components of the metering equipment

Hopper
Upper aperture (trapezoidal)
parallel sides, mm 450, 280
height, mm 500
Base Panel (rectangular), mm 610 x 280
Inclination of base panel, deg. 35
Metering Drum
Outer drum
diameter, mm 350
length, mm 600
Inner drum
diameter, mm 280
length, mm 450
Worm (laid on inside of
inner drum)
pitch, mm 100
height mm 100
Flap mm 90 x 30
/
©
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3
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\ = = [g <
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2.2 Description of the Yam Sett Metering Equipment

The orthographic views of the equipment are shown in Fig. 2. The hopper, made from gauge 16 mild-
steel sheet, has trapezoidal cross-section and its base was inclined at 35° to the horizontal to discharge
by gravity into the metering drum. Its exit is a circular chute with a semi-circular lip to guide the setts
into the metering drum. The hopper was designed to hold 200 pieces of yam setts with average
diameter of 80 mm and so, containing enough planting materials for 0.2 ha of farmland at a time. The
hopper was bolted to the supporting frame and can be easily detached for cleaning when necessary.
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Fig. 2 Orthographic views of the yam sett metering equipment: 1, Hopper; 2, Inner metering drum; 3,
Outer drum; 4, Worm; 5, Bearing; 6, Shaft; 7, Frame

The metering drum consists of two co-axial cylinders, an outer drum (¢$350 x 600 mm long) and an
inner drum ($280 x 450 mm long). The outer drum was welded to the supporting frame whereas the
inner drum was welded to a 25 mm shaft, which was supported on two bearings, one on a support
across the exit of the hopper and the other on the supporting frame. The inner drum was equipped
with internal helical screw (100 mm pitch and 200 mm high) running through its length. The shortfall
in the length of inner drum compared with the outer drum provided for clearance against the hopper's
lip at one end, and the other end provided room for a metal flap, attached to the inner drum. The flap
sweeps metered setts, picking one sett at a time until it drops out, through a slot in the outer drum, into
the delivery manifold of the planter.
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The frame was constructed from 40 x 40 x 4 mm angle iron. Its overall dimension was about 1100
mm long, 450 mm wide and 820 mm high. A handle was fixed on the shaft, to drive the equipment
during laboratory tests. A photograph of the prototype showing its two major parts, namely the
hopper and the metering drum, is presented in Fig. 3.

St |

Fig. 3. Photograph of the yam sett metering equipment: a, hopper; b, metering drum; c, sett
gjection slot; d, frame

2.3 Experimental Procedure for Laboratory Testing

Yam tubers were obtained from local farmers in lle-Ife, Nigeria, and were cut into setts with average
diameter of about 80 mm. The setts were then stored in a dry, well-aerated environment for two days,
as is the practice in traditional yam planting (Onwuneme, 1982). This also helped in reducing the
possibility of the setts adhering to the panels of the hopper (Ajav, 1998; Aluko and Koya, in press).

The hopper was filled with yam setts and the metering drum was driven at approximately 45 rev/min.
For each experimental run, which consisted of eight revolutions of the metering drum, the number of
setts discharged was noted. The actual number of setts delivered was counted and compared with the
number expected based on design.

Equipment performance was then quantified in terms of its metering efficiency (g,) and the
corresponding percentages of skips, singles and multiples (Kepner et. al., 1987). The metering
efficiency is an indication of how many stands on the field, will actually receive setts for planting, and
was defined as,

N
g, =—=x100% -

m
T
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where, N,is the number of times setts (single or multiple) were delivered; and Nris the number of
times sett delivery was expected, for the same rotations.

Metering efficiency was considered to be a better performance index than the percentage cell-fill,
often specified for grain drills (Kepner et. al., 1987). In percentage cell-fill, empty cells are offset by
extra seeds in multiple fills and, not necessarily that every cell contains a single seed. Percentage of
skips is the ratio of times with no sett delivered to the number of times sett delivery was expected.
Percentages of singles and multiples are the number of times single sett and multiple sett delivery,
respectively, were observed, compared with the number of times setts should be delivered.
Furthermore, the discharged setts were examined physically to see if the periderm was bruised.

The theoretical field capacity of the prototype was estimated, for a two-row planter equipped with the
metering equipment at recommended speeds of 2.7 to 5.0 km h™ (Odigboh and Akubuo, 1989; Aluko
and Makanjuola, 2002). The estimate was adjusted incorporating the metering efficiency as follows:

C = —xg )

where, C is the theoretical capacity in ha h: Sis the speed of travel in km h*: and W is the width of
implement in m.

3. RESULTS AND DISCUSSION

The results of the tests carried out to evaluate the performance of the metering equipment are shown
in Table 2. The prototype metering equipment has a hopper holding capacity of 37.5 kg. A metering
efficiency of 82.2% was obtained and the percentages of singles, multiples and skips were 80.5%,
0.2% and 17.7%, respectively. As pointed out earlier, the size, shape and frictional characteristics of
yam planting materials pose major challenges in the development of metering equipment. Odigboh
and Akubuo (1991) reported a metering efficiency of about 98% for a minisett yam planter.
Compared to yam setts (100 — 150 g) and seed yams (100 — 1500 g), however, minisetts (about 25 g
or less) constitute much smaller planting material. The metering efficiency of the seed yam planter
earlier developed by Odigboh and Akubuo (1989) was not specified, thus precluding a comparison
with the present results.

Table 2. Performance of the prototype metering equipment

Performance indices Value + standard error
Hopper, capacity, kg 37.5

Metering efficiency, % 82.2+45

Percentage of singles, % 80.5+4.1

Percentage of multiples, % 02+0.8

Percentage of skips, % 17.7+4.1

The percentage of multiples though low, implies that in some instances, two, rather than one sett,
were dropped but planting (sett delivery) actually took place. For subsequent field tests of the
envisaged planter, this anomaly can be alleviated by incorporating a stationary brush to knock out the
excess planting material when the flap lifts more than one sett. During the tests, the sharp leading
edge of the worm occasionally scratched a few of the setts. It is therefore necessary to shield the
sharp leading edge of the worm with a softer material like rubber to reduce the occurrence of bruising
the setts.

The percentage of skips obtained in the present results (17.7%) needs to be reduced/eliminated to
justify the use of a mechanical planter to replace traditional manual planting. The present results
suggest that there is a need to increase the pitch of the worm and the clearance between the inner and
the outer drums, to facilitate the worm picking setts without any failure. The required adjustments
indicate that yam setts for planting would need to be sorted into size groups prior to loading them into
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the hopper. This modification will also enhance a satisfactory performance of the metering equipment
at different tractor field speeds.

For a within-row spacing of 1000 mm and a planting speed range of 2.7 to 5.0 km h™, the estimated
field capacity ranged from 0.2 to 0.4 ha h™.

4. CONCLUSION

Equipment for metering traditional yam setts for mechanical planting has been developed. The
preliminary tests carried out in the laboratory on the prototype indicate a fairly satisfactory
performance. It should be possible to improve the performance of the equipment for field
applications, especially with respect to hopper capacity and reducing the percentage of skips, with
further modifications and testing.
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NOTATION
Em . metering efficiency
Ny - number of times setts (single or multiple) were delivered
Nr - number of times setts delivery were expected based on design
C - theoretical field capacity, ha h™
S - speed of travel, km h*
W - width of implement or,

between row spacing for a two-row planter, m

APPENDIX A

Design of Major Components of the Yam Set Metering Equip ment
A.1 The hopper
The hopper was made from guage 16 mild steel sheet, formed and welded to hold 200 pieces of yam

setts, 80 mm average diameter. The following limiting values of properties of fresh yam setts,
reported by Aluko and Koya (in press) were used:

Yam bulk density, p=1120 kg m*®
Maximum coefficient of friction, u = 0.5

Hence, for free flow, the following relationship between the angle of inclination 6 and the coefficient
of friction prevails:

tan 6 > — — (A1)
Therefore, 8 > tan * (0.5) or 27°
The design angle was chosen to be 35°, about twenty - percent above the calculated value.
A.2 The Internal Helical Screw
The internal helical screw (worm), welded inside the inner drum, was made from gauge 18 mild steel
sheet. This thickness was selected to make fabrication easy. The diameter D to form a helix of

certain diameter d and pitch length p can be determined from:
a

(rD)* = (nd)’ +p* - = = (A2

This expression was used to calculate the internal and external diameters of circular plates used in
forming the helices.
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A.3 The Power Transmission Elements

The basic transmission elements in the design are the shaft and the supporting bearings, and the
turning handle. The shaft was designed based on the following assumptions: shaft is solid, and made
from low-carbon steel (AISI 1020); shaft length, from bearing to bearing, is 650 mm; density of shaft
material is 7860 kg m®; yield strength of shaft material is 295 MPa; factor of safety, ns is 2.5.

Shaft was designed on account of rigidity and strength, based on distortion energy theory (DET),
which predicts the smallest diameter where failure will first start to occur. According to Hamrock et

al. (1999),
e
2
d = {3 % Iy +§T2:|

(A3)

TESy

Based on calculations and available material, a conservative 25.4-mm diameter shaft was chosen.
Appropriate SKF deep groove ball bearings (6005) suitable for the shaft were selected.

The handle was made from a 20 x 3 mm flat bar, L — shaped, with a hollow pipe at the free end to
engage the shaft, the other bent end provided handle for turning.
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ABSTRACT

Previous cassava peeling research efforts were directed mainly towards developing abrasive type batch
peelers. In peeling with most of these peelers, however, big roots remain largely unpeeled while small
ones may be completely grated. In this work, an experimental mechanical cassava peeling machine that
works on the principle of peel-flesh separation by compression and peel removal with knives was
designed and fabricated. It comprised of a horizontal belt conveyor unit and a spring-loaded knives’
unit. In operation, the belt conveyor unit conveys slices of cassava tubers which are peeled under an
array of spring-loaded knives. Preliminary tests of the machine were carried out on root slices of
different sizes with the conveyor belt driven at a linear speed of 1.31 m/s. For root slices having mid-
section diameters ranging between 45 and 55 mm, the peel removal efficiency ranged between 0.920
and 0.973 and had an average value of 0.939. For slices having mid-section diameters ranging between
55 and 65 mm, the peel removal efficiency ranged between 0.953 and 1.000 and had an average value
of 0.988. For tubers in the above size ranges, no breakage of roots occurred during peeling. For root
slices with relatively larger diameters, however, the peel removal efficiency ranged between 0.152 and
0.820 and root breakage was observed to occur in some instances. In all cases, however, there was no
loss of useful tuber flesh.

KEYWORDS: Design; cassava root tuber; peeling machine; preliminary tests; peeling efficiency
1. INTRODUCTION

Cassava (Manihot esculenta Crantz) is one of the most common economic and productive root crop in the
tropics. Its root tuber is the main economically useful part of the plant. Cassava possesses vast food and
industrial potentials. It is arguably the largest single crop of the tropics, particularly of that part of Africa
lying south of the Sahara and north of the Zambezi, where it has become the most important crop in terms
of both the total land area devoted to its production and the proportion it contributes to the human diet
(Odighoh, 1983).

Before the cassava tuber is processed into any of its food and some of its non-food products, however, it
must be peeled. Peeling is simply the removal of the cassava peel (made up of the outer corky periderm
and cortex) from the rest of the tuber. Ideally and especially in the food industry, the peel needs to be
completely removed without removing the useful tuber flesh.

The problem encountered in peeling cassava root tubers arises from the fact that cassava roots exhibit
appreciable differences in weight, size, shape, peel thickness, peel texture and strength of adhesion of peel
to the root flesh. Furthermore, these properties vary with the month of the year during which the root is
harvested and the time that elapses after harvesting, before peeling is done. The ease of peeling varies with
these properties. The greatest challenge in the design of a cassava peeler is that of making the machine
capable of efficiently peeling roots from all sources all the year round despite the wide differences in these
properties. As a result, the development of a technically or economically acceptable cassava tuber peeling
machine has continued to pose a challenging engineering problem. Existing machines tend to reduce the
cassava tuber to a regular cylinder, thus wasting an intolerably high proportion of the useful cassava flesh
before all the peel is removed.

Researchers have experimented with various types of abrasive drums for batch peeling of cassava

roots. Suleman (1980) described the vertical drum type; Akinrele et al (1971) described the concrete
mixer shape type; Ezekwe (1979) and Nwokedi (1984) in separate investigations reported the
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development of horizontally-mounted drum peelers that are similar in principle; Odigboh (1988)
reported the eccentrically mounted drum type. Though these machines are simple to fabricate and
operate, it is generally difficult for the abrasive surfaces of the drums to enter into the crevices and
depressions on tuber surfaces. A tuber may be reduced to a cylinder of uniform radius with much
wastage of useful flesh before satisfactory peeling is done. Otherwise, hand trimming is required to
finish incompletely peeled roots. Although Ezekwe (1979) and Odigboh (1988) reported some
improvement by using a technique in which abrasive balls are mixed up with the cassava roots before
being loaded into the drums, the balls easily become blunt and ineffective after a few peeling batches.

Odigboh (1976) reported a cylindrical knife cassava root peeler, which basically consists of a
cylindrical knife assembly mounted parallel to a solid cylinder with roughened surface. Both were
driven clockwise at different speeds. The cassava roots to be peeled were cut into 10cm lengths and
fed into the space between the knife assembly and the solid cylinder. Although a peel removal
efficiency of 75% and average throughput of 165 kg/h were reported, hand trimming was still
required to complete the peeling.

Ohwovoriole et al. (1988) reported a simple test rig for peeling cassava tuber slices manually (Figs.
1(a) and (b)). The rig consists of evenly spaced cutting edges mounted on two

wooden block

{a) ()

Fig. 1. Test rig for peeling cassava tuber slices manually (after Ohwovoriole et al., 1988).

wooden blocks. The cassava tuber slice resting on it is peeled manually by pushing down on it with the
hand; the cutting edges penetrate through the peel into the cambium and, as the slice is rolled forward
while the downward pressure is maintained, the peel simply unwinds from the flesh as shown in Fig.
1(b). Based on the principle illustrated by this rig, Ohwovoriole et al. (1988) developed a manual cassava
tuber peel lacerating machine. The machine consists essentially of a fixed outer frustum of a cone, which
was made up of rigid longitudinal cutting edges, and a rotating wooden inner cylinder. Although a peel
removal efficiency of 92% was reported after a limited test run, the machine did not provide for the
automatic adjustment of the size of the space between the inner cylinder and the outer cutting edges,
which is required to accommodate varying sizes of root slices. A root slice would therefore be crushed,
rather than peeled, if it gets into a space where the distance of separation between the outer cutting edges
and the wooden inner cylinder is much less than the diameter of the root slice. The principle employed is
however quite promising for there was reportedly no loss of useful tuber flesh during peeling.

The objective of this work was to design and construct an experimental cassava root tuber peeling rig on

which experiments could be run to determine the optimum design and operating characteristics of a
machine that would be developed using the principle reported by Ohwovoriole et al. (1988).
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2. MATERIALS AND METHODS

2.1 Design Principles and Considerations

The concept used to develop the present mechanical peeler is illustrated in Fig. 2 and is based on the
peeling principle employed by the manual test rig shown in Figs. 1(a) and (b). In Fig. 2, the human hand
is replaced by a pressure application platform for applying pressure to, and rolling the tuber over an array
of cutting knife edges. The questions that arise in the attempt to employ this peeling concept and which
the experimental peeler described in this work has been designed to address are:

()
(i)
(iii)

2.2

Pressure Application
Fo

pressure application platform

[ N Jl:}_Knife bed
¥ Knife bed -

Figure 3.3: Root slice rolling between a moving pressure application

Fig. 2. Root slice rolling between a moving pressure application platform and a bed of knives.

what must be the average distance between the pressure application platform and the cutting
edges for a given diameter of roots such that good peeling would be effected?

at what speed must the pressure application platform move relative to the cutting edges as it rolls
the tuber along without slippage?

what magnitude of the force needs to be applied to the root slice to effect peeling and yet avoid
crushing the slice?

Description of the Experimental Peeling Machine

A photograph of the experimental peeling machine is shown in Fig. 3. Three orthographic views of
the machine are also shown in Fig. 4. The machine comprised two units: an upper spring-loaded
knives’ unit and a lower horizontal belt conveyor unit.

Fig. 3: The experimental peeling héhhine

Nigerian Institution of Agricultural Engineers © 29



Journal of Agricultural Engineering and Technology (JAET). Volume 13, 2005

7 13

L,
roelkror —14] =56
q Il_._ '_i g s m ey
| folefela ol | apie
" L - 1]
, j:_T m e R
W i A 5
==p) & e
H [Rif H

Fig. 4. Orthographic views of the experimental cassava peeling machine in first angle: 1, Conveyor
drum; 2, Main frame; 3, Bearing; 4, Conveyor belt; 5, Conveyor belt platform; 6, Peeling blades; 7,
Knife assembly bearing frame; 8, Spring load adjuster nut; 9, Root pick-up; 10, Main frame link arm;
11, Knife bed height adjustment screw; 12, Variable speed electric motor; 13, Speed reduction gear
box; 14, Rear roller motion guide plane; 15, Front roller motion guide plane.

In the belt conveyor unit, the drums (1) are mounted on a rectangular main frame of angle iron (2) via
bearings (3). The centres of the drums are spaced 1050 mm apart and each of the drums measures
250 mm in diameter and 300 mm in length. The belt (4) of the conveyor system is 300 mm wide. This
belt was designed to move over a flat aluminum sheet platform (5) lying on top of a frame of angle
iron. The platform was rigidly fixed to the frame of angle iron using bolts and nuts. The belt
conveyor was driven by a 1.5 kKW variable speed electric motor (12) through a speed reduction gear
box (13) and a chain drive.

The knife assembly bearing frame of the upper spring-loaded knives’ unit is 800 mm long and 400
mm wide. The unit comprises of five assemblies of peel penetrating knives, arranged across the
central 290 mm of the 400 mm width of the rectangular frame. Each assembly is 600 mm long and
50mm wide. The knife assemblies are spaced 10mm apart across their bearing frame. A root pick-up
(9) inclined at 15° to the surface of the conveyor belt is fixed to the frontal end of each knife
assembly. It is wrapped around with a sheet of expanded metal to enhance its grip on the root.

Five spring-loading points, equally spaced at 140 mm intervals, were located along the length of each
knife assembly. A set of two 140 mm long helical tension springs, each of which has a spring rate of
2.193 N/mm, was located at each spring-loading point. Thus, there were a total of 25 such pairs of
springs in the spring-loaded knives unit. This design of the spring-loading system was based on an
earlier work by Adetan et al. (2003) in which the peel penetration force per unit length of knife edge
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was determined. The tensile load in these springs can be adjusted by turning the spring load adjuster
nuts (8). It is this tensile load in the springs that determines the downward force on the knife
assembly and, therefore, the force with which the knives attempt to penetrate into the peel of the
cassava roots being conveyed under them. Each knife assembly carries 120 knives that are spaced 5
mm apart. Each knife is about 1.5 mm thick, 50 mm long and 15 mm wide. It is made from
galvanized iron sheet and one of its 50mm edges is sharpened to form the lower peel penetrating edge.

It is expected that a knife assembly will not only move vertically in response to the root size but it will
also tend to move horizontally in the direction of motion of the belt in response to the rolling
resistance force in play between the knives and the root. Thus, front and rear rollers are provided on
the knife assembly to enhance a frictionless motion. The rollers roll on roller motion guide planes (14
and 15) inclined at 45  to the horizontal and bolted to the knife assembly bearing frame. By this
arrangement, the motion of the knife assembly is constrained and made frictionless.

Using bolts and nuts, the knife assembly bearing frame (7) is connected to the main frame link arms
(10) (Figs. 4) through the slots in the four legs of the frame. The height of the knife bed above the
conveyor belt can be adjusted by loosening these bolts and nuts, turning the square-threaded height
adjustment screws (11) on either side of the knife assembly bearing frame until the desired height is
reached and then tightening the bolts and nuts again. In this same manner, the lateral angle of
inclination of the knives to the conveyor belt surface (across the belt width) can also be adjusted to
suit the taper of the root surface from its proximal to its distal end.

2.3 Experimental Procedure for Testing

The root tubers used to test-run the experimental peeler were obtained from cassava plants aged
between 18 and 20 months. Fresh roots randomly chosen from two IITA cultivars (TMS 30572 and
TMS 30555) of the bitter cassava type commonly grown in lle — Ife, Nigeria, were used. The roots
were run in the machine within 12 hours of harvesting. They were prepared for the tests by cutting
them into 100mm long near cylindrical tubers. The diameters of a tuber at its proximal end, middle
section and its distal end were measured using a pair of vernier calipers and recorded as d;, d,, and d;s
respectively. The average of d,, d,, and d; was subsequently computed and denoted d. The roots were
then sorted into middle section diameter size groups of 45-55 mm, 55-65 mm, 65-75 mm, 75-85 mm
and 85-95 mm. The angle of inclination of the knife bed to the surface of the conveyor belt across its
width, o, was set at about 5.3". This is the average degree of taper of the typical root surface from its
proximal to its distal end (Adetan et al, 2003).

To run root tubers in the diameter (d) size group 45-55 mm, the average height (%) of the knife bed
above the belt was set at 40 mm; to run root slices in the size group 55-65 mm, /4 was set at 50 mm;
for d between 65 and 75 mm, / was set at 60 mm; for d between 75 and 85mm, 4 was set at 70 mm;
and lastly, for d between 85 and 95 mm, / was set at 80 mm.

The drum speed for the conveyor belt drive was monitored using a phototachometer. In this
preliminary experimentation, a drum speed (S) of 100 rpm was used. This is the approximate design
speed that will ensure the optimal utilization of the power delivered to the conveyor system by the 2-
hp variable speed drive motor. This speed, in turn, gave a linear belt speed (V) of 1.31 m/s. The tensile
load, F;, in each of the 25 sets of springs at each spring-loading point was varied between 44 and 110
N in steps of 22 N. The selection of these loads was informed by the results of an earlier work by
Adetan et al (2003) which determined the cassava root peel penetration force per unit length of knife
edge.

To acquire data on a root tuber at a given F;, the experimental peeler was started up. The unpeeled
cassava root tuber was fed manually into the machine and onto the top of the conveyor belt at the root
pick-up end of the knife assembly. It rolled on its cylindrical surface under the spring-loaded knives
on one side and over the conveyor belt on the other side until it was discharged at the other end of the
belt peeled. The platform of aluminum sheet (5) over which the belt moved prevented it from sagging
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as it conveyed the cassava roots to be peeled under the array of knives set over it. In this way, the
knives were kept in close penetration contact with the roots. Using an electronic balance, the mass of
each tuber was measured before peeling, after machine peeling and after hand-trimming the machine-
peeled tuber. These were recorded as m;, m, and m; respectively and subsequently used to calculate
the efficiency of peel removal, which is given by Eqgn. (1) below.

Adetan et al. (2003) obtained the average percentage by weight of peel in a typical root, p, as 15.1 %.
If we define C as the proportion by weight of peel that is removed by the peeler, and R as the
proportion of the useful tuber flesh that is recovered after peeling, it can be shown (Adetan, 2002) that

c -1 - WOCmom) g
m,p
and
100 m
R = —232 .. 2
m, (100 ~ p) @

where m; is the mass of the unpeeled root tuber, m; is the mass of the machine-peeled root tuber and
m3 1S the mass of the machine-peeled and hand-trimmed root tuber.

An overall peeling quality index, O, may also be defined as

o = RC . . . . . .. (3)
3. RESULTS AND DISCUSSION
The results of the preliminary tests of the developed experimental peeler are summarized in Table 1. In
these preliminary experiments, no useful root flesh was lost. For the different sizes of root slices used in
these tests, the useful flesh recovery index obtained in each test was 1. Applying Egn. (3), the overall
peeling quality index, Q, is therefore equal to the peel removal efficiency C in all cases.

Table 1: Results of preliminary machine testing at a linear belt speed of 1.31 m/s

D, D, d; d h F, C R 0 Cu State of root
(mm) (mm) (mm) (mm) (mm) (N) after peeling
65 52 45 54 40 44  0.939 1.000 0.939 0.939 Whole
53 53 40 49 66 0.920 1.000 0.920 Whole
59 55 39 51 88 0.973 1.000 0.973 Whole
60 47 21 43 110 0.825 1.000 0.925 Whole
60 64 55 60 50 44  1.000 1.000 1.000 0.988 Whole
67 60 51 59 66 0.953 1.000 0.953 Whole
58 59 59 59 88 1.000 1.000 1.000 Whole
41 65 63 56 110 1.000 1.000 1.000 Whole
62 66 54 61 60. 44  0.323 1.000 0.323 0.638 Whole
85 73 53 70 66 0.679 1.000 0.679 Whole
82 69 42 64 88 0.729 1.000 0.729 Broken
80 72 60 71 110 0.820 1.000 0.820 Whole
73 81 72 75 70 44  0.657 1.000 0.657 0.594 Broken
65 80 63 69 66 0.664  1.000 0.664 Whole
59 80 82 74 88 0.664  1.000 0.664 Whole
72 76 60 69 110 0.392 1.000 0.392 Whole
94 95 79 89 80 44  0.630 1.000 0.630 0.344 Broken
76 87 80 81 66 0.220 1.000 0.220 Whole
69 86 56 70 88 0.152 1.000 0.152 Whole
73 94 55 74 110 0.375 1.000 0.375 Whole
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In general, two peeling patterns were observed during the preliminary experiments using the developed
peeler. For some of the root slices run in the peeler, peels were finely lacerated by the knives and neatly
brushed off the tuber surface. For other roots, the penetrated peels adhered to the knives and unwound from
the tuber surface as the tuber rolled on.

Although the preliminary tests of the peeling principle were carried out on slices of root tubers, the
results obtained indicate that the developed peeler shows good promise of effectively peeling whole
roots of different sizes. The whole roots peeling system may explore the use of several knife
assemblies (more than the five available on the present experimental peeler), that are independently
spring-loaded and arranged across the knife bed such that the width of the bed will be greater than the
possible length of any whole root tuber. Further experimentation and modelling studies on the
experimental peeler are expected to yield the optimum conditions for the design of a high efficiency
whole roots peeling system, which may be able to eliminate the occurrence of root breakage.

4. CONCLUSIONS

The preponderance of previous cassava peeling research efforts have concentrated on the use of abrasion to
remove the peel of cassava roots in a batch peeling system. Success has, however, been limited because small
roots become completely grated while larger roots remain largely unpeeled. An experimental peeling machine,
which utilises the cassava peeling concept of peel-flesh separation by compression and peel removal by knives,
was successfully developed and tested. The following conclusions were drawn from the results of preliminary
tests using the peeler:

0] The developed peeling machine achieves a high efficiency and excellent quality of peeling with
virtually no loss of useful tuber flesh.

(i) For relatively small roots, with diameters less than 65 mm, a peel removal efficiency C of
approximately 100% was consistently achieved and the peeled roots were never broken. This is
a very important improvement over the performance of previous peeling machines.

(iii) The present peeling machine shows promise of overcoming seemingly intractable cassava
peeling problems and the limitations of previous abrasive type peelers. Furthermore, based on
the peeling concept employed, the present results provide a scientific basis for the development
of an efficient whole root peeling system.
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ABSTRACT

In order to design and fabricate processing and handling equipment for groundnuts (4rachis Hypogea L.)
some physical properties of shelled and unshelled groundnuts were determined. The mean values of
major, minor and intermediate diameter (mutually perpendicular dimensions) were found to be 12.47, 7.21
and 7.78 mm for shelled seeds and 31.19, 10.74 and 10.80 mm for unshelled pods containing two to three
seeds. The average sphericity and roundness were found to be 69.61 % and 54.78 % for shelled seeds and
50.17 % and 42 % for unshelled pods. The mean bulk density, porosity, kernel density, volume and angle
of repose were found to be 0.60 g/cm®, 0.46, 1.11 g/cm®, 0.36 cm® and 24.5 degrees respectively for
shelled seeds and 0.21 g/cm®, 0.57 g/cm?®, 0.49 g/cm?®, 1.60 cm® and 23.3 degrees for unshelled pods.

KEYWORDS: Physical property, groundnut, shelled pods, unshelled pods, decorticate.
1. INTRODUCTION

Groundnut (4rachis hypogea L.), also known as peanut or earthnut, is a member of the Papilionaical,
the largest and most important of the three divisions of leguminasae. Groundnut was cultivated in Peru
as far back as about 3000 B. C. from where it was believed to have originated. It was brought to West
Africa from Brazil in the 16™ century. It comprises of two main types, the first being the bunch or
erect type in which the main stem and branches grow upright so that there is little spreading; the nuts
are found closed together at the base of the plant. This type is suited to mechanical harvesting. The
second is the creeping type with branches trailing along the ground and the plant therefore has
spreading habit. Most of the ones grown in West Africa and Nigeria are of the creeping type. Usually
after harvesting the crop, they are shelled, decorticated, cleaned before usage either as cake or
extraction of the oil for cooking purposes.

To design equipment for shelling and decorticating the groundnuts, their physical properties must be
known. Oje and Ugbor (1991), Oje (1993), Koya and Adekoya (1994), Oje et al. (1997), Alonge and
Adigun (1999), Adigun and Alonge (2000), Oje et al. (2001), Alonge (2003)) all carried out studies on
physical and mechanical properties of some agricultural product. But little is known of the physical
properties of groundnut. The purpose of this work was to determine, with sufficient accuracy for
design purposes such physical properties as dimensions, weight, angle of repose, coefficient of friction
on possible structural surfaces, bulk density, porosity and sphericity of groundnut relevant to its
decortication

2. MATERIALS AND METHODS

Ten kilograms of groundnut (shelled and unshelled) used for the experiment were obtained from the
Institute of Agricultural Research and Training, Ibadan. The variety used is local, commonly called
“Epa pupa”, an early-maturing type grown in South Western Nigeria. The physical properties
determined and the experimental methods are given below:

2.1 Size and Shape

In determining grain size, one hundred each of shelled and unshelled groundnut were randomly

selected. Measurements of the three mutually perpendicular axes were made; namely major,
intermediate and minor diameters with a micrometer screw gauge
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2.2 Weight
This was determined using an electronic balance for 100 seeds.

2.3 Volume and Solids Density

The volume of each seed for one hundred samples was determined by water displacement method as
described by Oje and Ugbor (1991). Individual seeds were immersed in water inside a thin tube-
measuring cylinder showing a notable rise in water level. The differences in the final and initial
readings were recorded as the volume of seed or pod. The density was obtained by dividing weight of
seed by its volume. A sinker was used to screen the pod or unshelled groundnut.

2.4 Frontal Area, Sphericity and Roundness

One hundred seeds were each placed in their natural resting position on a sheet of graph paper. A
sharp thin pencil was used to carefully trace the edges of the seed. The frontal area was determined
by counting the squares within the traced marks. The projected area and the diameters of circle
inscribing and circumscribing the projected areas were measured in order to determine the sphericity
and roundness based on the following equations:

Roundness = Ap/Ac Q)

Sphericity = difd. (2)
where d. and A, are the diameter and area of the smallest circumscribing circle respectively while d;
denotes diameter of largest inscribing circle and represents the projected area of the seed.

25 Coefficient of Friction and Angle of Repose

The static coefficients of friction of groundnut were determined on three materials plywood, glass and mild steel.
A topless and bottomless material box of dimensions 150 mm x 150 mm x 40 mm was filled with the seeds and
placed on adjustable tilting table onto which the material to be tested has previously been fastened. The box was
placed on one end of the surface and raised slightly so it was not touching the material. A screw device slowly
tilted to the table until the friction force between the seeds and the material was overcome by gravity and
movement down the slope began. The angle of inclination was read from a graduated protractor attached to the
tilting table. Five replications were carried out for shelled seeds and unshelled pods.

According to Mohsenin (1978) and Chakraverty (1988), the tangent of the angle of inclination is the static
coefficient of friction of the grain on the material. Oje and Ugbor (1991) determined static coefficient of friction
for different surfaces such as galvanized steel, plywood and glass. They also described the determination of angle
of repose by using a specially constructed box with the crop with a removable front panel. The box is filled with
the crop, then the front panel is quickly removed. This allows the grain to flow to its natural slope. This slope is a
measure of angle of repose. This method was used for the experiment.

2.6 Bulk Density

The bulk density was determined by weighing a 100cm® cylinder empty. The cylinder was then filled with the
seeds and reweighed.

where Dy, is bulk density, M; is the mass of empty cylinder, M is mass of cylinder plus seeds and V is the volume
of cylinder. Five trials were carried out for each set of seed and their means were recorded.

2.7 Porosity
Based on the relationship for porosity by Mohsehnin (1978) the porosity was calculated thus:

where P is the porosity of grain, Dy is the bulk density and D is the solid or kernel density of grain.
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3. RESULTS AND DISCUSSION

The summary of the results for all the properties measured is shown in Tables 1 and 2 for shelled seeds and
unshelled pods respectively. The frequency distribution of some of the properties is shown in Figures 1 and 2 for
shelled seeds and unshelled groundnut pods. For shelled seeds, sixty percent of the major axes fall between 12
and 13 mm, 94% of the intermediate axes falls between 6.7 mm and 9 mm and 94 % of the minor axes falls
between 6.5 mmand 8 mm. For the unshelled pods 82 % of major diameter falls between 20 mm and 35 mm, 78
% of intermediate diameter falls between 9.5 mm to 11.5 mm while 80 % of minor diameter falls between 9.5
mmto 10 mm. The frequency distribution curve for major and intermediate axes skewed towards the right while
for the minor axes it is near normal. These properties are needed in designing diameter of sieves for sieve
cleaner.

The density of the shelled groundnut falls between 1.02 and 1.27 g/cm®.  This implies that the seeds will sink in
water, which makes it possible to separate them from other materials that are less dense than water. The
frequency distribution for density of the unshelled groundnut is close to normal. It varies between 0.40 g/cm® and
0.58 g/cm®, the mean being 0.49 g/cm®. Separation from unwanted material denser than water is possible for
example stones. The mean porosity obtained for the shelled groundnut was 0.46 and 0.57 for the unshelled. This
shows that a pack of unshelled groundnut pods is more porous than the shelled one. This property is required in
air and heat flow in an agricultural material. This shows how easily a stream of heated air for drying will pass
through a pack of material and thus affect the rate of drying of the materials. From this result, unshelled
groundnut pods might dry faster than shelled seeds during air drying process.

With regards to the static coefficient of friction for shelled groundnut determined on the three structural surfaces it
was found that, glass surface had the highest mean value of 0.535 while the lowest value was by mild steel was
0.455. For the unshelled pods the plywood has the highest mean value of 0.52 while the lowest value was on
glass with a mean value of 0.495. This property is needed in the design of agricultural machine hopper and other
conveying equipment. It determines how a pack of grain or seed will flow in these systems.

The angle of repose for shelled seeds was found to be between 22° and 27°, while for the unshelled pods it was
between 27° and 30°. This property determines the minimum slope of flow in self-emptying bin or minimum
slope of flow in a hopper. The mean frontal or projected area for the shelled is 68.8 mm?, for the unshelled pod it
is 309.2 mm?. This property affects the velocity of air stream that can be used in order to separate the seed from
unwanted material in pneumatic separator or to convey seed in pneumatic conveying.

The highest roundness value obtained for unshelled pods was 58.93 % while the highest sphericity value obtained
was 74.78 % for unshelled groundnut shown in Table 2. This implies that the tendency for the material to roll is
fairly high. For the shelled seed the highest roundness value obtained was 64.79 % while the highest sphericity
value obtained was 85.49. This shows that the material will always tend to roll when it is on a particular
orientation. This property is always considered when designing hopper and dehulling equipment for seeds.
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Table 1: Some physical properties of shelled groundnut

No. of observations Mini Value Mean Value Maxi Value Standard

Deviation
Major Diameter (cm) 100 6.71 12.27 15.71 1.92
Intermediate Diameter (cm) 100 6.79 7.78 8.92 0.51
Minor Diameter (cm) 100 5.54 7.21 9.30 0.68
Weight (g) 100 0.29 0.40 0.54 0.06
Geometric Mean diameter (cm) 100 6.96 8.84 10.37 0.67
Roundness 100 49.12 54.73 64.79 6.12
Sphericity (%) 100 61.74 69.61 85.49 4.78
Volume (cm?) 100 0.25 0.36 0.45 0.06
Solid Density (g/cm® ) 100 1.02 111 1.27 0.06
Bulk Density (g/cm®) 5 0.59 0.60 0.61 0.01
Surface Area (mm?) 100 600.27 628.91 650.77 19.25
Porosity 5 0.42 0.46 0.52 0.02
Frontal Area (mm?) 100 58.00 68.80 82.00 9.24
Repose Angle (degrees) 5 22 24.50 27.00 2.07
Coefficient of friction on
(i) Plywood 11 047 0.525 0.58 0.05
(i) Mild steel 11 0.42 0.455 0.49 0.04
(iii) Glass 11 0.45 0.535 0.62 0.07
Table 2: Some physical properties of unshelled groundnut pods
No. of observations Mini Value Mean Value Maxi Value Standard
Deviation
Major Diameter (cm) 100 16.29 31.19 41.94 5.16
Intermediate diameter (cm) 100 8.59 10.80 12.23 0.81
Minor Diameter (cm) 100 9.23 10.74 12,51 0.75
Weight (g) 100 0.40 1.25 1.94 0.38
Geometric Mean diameter (cm) 100 12.00 15.28 17.70 1.23
Roundness 100 19.12 42.2 58.93 15.43
Sphericity (%) 100 40.40 50.17 74.78 6.66
Volume (cm?) 100 1.50 1.60 3.50 0.82
Density (g/cm®) 100 0.40 0.49 0.58 0.07
Bulk Density (g/cm?) 5 0.19 0.21 0.23 0.01
Surface Area (mm?) 100 40.38 46.27 52.16 16.13
Porosity 5 0.53 0.57 0.60 0.02
Frontal Area (mm?) 100 248 273 298 82.56
Repose Angle (degrees) 5 27.0 28.5 30.0 1.20
Coefficient of friction on
(i) Plywood 11 047 0.520 0.57 0.03
(i) Glass 11 0.45 0.470 0.49 0.01
(iii) Mild steel 11 0.48 0.495 0.51 0.02
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Fig. 1: Frequency distribution of some physical properties of unshelled groundnut pods.
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Fig. 2: Frequency distribution of some physical properties of shelled groundnut pods
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4. CONCLUSIONS

The physical properties of groundnut (shelled and unshelled) were measured. The following conclusions are
drawn:
@ For shelled seeds - The estimated mean major, minor and intermediate diameters were found to
be 12.49 mm. 7.21 mm and 7.28 mm respectively. The roundness was found to be 69.61 %
while the sphericity was 54.76 %. The mean weight was found to be 0.40g.
() For unshelled pods — The estimated mean diameter for major, minor and intermediate axes were
found to be 312.19 mm, 10.80 mm and 10.74 mm respectively. The roundness was 50.17 %
while sphericity was 42.2 %. The average weight was found to be 1.25g.
(©) The results for the coefficient of friction for both shelled and unshelled groundnut showed that hopper
and unloading device need not be built very steeply.
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ABSTRACT

A poultry feed mixer was designed, constructed and evaluated for its performance. The effectiveness of mixing
was based on the value of standard deviation and coefficient of variation of the sample collected from the tested
mixed materials at the operating speeds. The performance of the mixer at the tested operating speeds of 100rpm,
150rpm 250rpm were: standard deviation, (S.D) 7.37 and coefficient of variation (CV) 19.33%; S.D. 1.29 and
CV 3.07% and SD of 10.84 and CV of 46.98% respectively. The effectiveness of mixing of the mixer was high at
operating speed of 150rpm, followed by operating speed of 100rpm but the effectiveness of mixing of the mixer
was lowest at operating speed of 250rpm.

KEYWORDS: Poultry, feed mixer, standard deviation, coefficient of variation, livestock feeds.

1. INTRODUCTION

Livestock feed is the general term for food given to farm animals. The regular supply of food to farm animals is
very essential to a healthy and productive life. Feed is an essential requirement in poultry production as it is in all
other livestock keeping. Oluyemi and Robert (1978) stated that once the poultry man has selected a good bird
with long life ability, high genetic capacity to grow or lay eggs effectively and has prepared the housing and the
management essential for the successful operation, the next thing is to produce the most efficient nutritionally
complete diet to suit a particular environmental condition.

Livestock feed as a prominent factor in poultry production influences significantly the overall quality and quantity
of birds and feeds. Preparation involves grinding and mixing different ingredients to form homogeneous mix
(Davis and Hall, 1979).

Mixing as one of the processes involved in feed preparation must be attended to with care as improper mixing of
feed ingredients could produce unbalance ration that undernourishes the birds. Smith and Wilkes, (1984) and
Beldin et. al (1968) reported the need to use mixer when attempting to mix two or more ground feeds of known
feeding value to obtain a balance ration as it ensures mixes of uniform consistency. However, most of the
available mixers currently in the market are imported, sophisticated in design and very expensive for rural farmers
to afford and maintain. There is a need for a small sized, simple and inexpensive mixer that would solve the
problem of providing an alternative feed mix for rural livestock farmers.

The aim of this paper is to develop and evaluate the performance of such a poultry feed mixer.

2. DEVELOPMENT OF THE POULTRY FEED MIXER

21 Background

Mixers are classified according to their method of mixing. Solid particles are mixed by the different methods as
reported by Lacey (1984). Convective mixing, occurs by the transportation of group of particles from one location
of the mixer to another location. Diffuse mixing, involves the distribution of particles over a freshly developed
surface of the materials. Shear mixing involves the setting up of slip planes within the mixture.

Beldin et. al (1968) classified mixing into different categories. These include layer mixing, which is the mixing of

ingredients in layers in a feeding wagon. It occurs as different layers move through the beaters and fall into the
cross conveyors. Stream mixing is a form of layer mixing on a more refined scale in which accurately metered

Nigerian Institution of Agricultural Engineers © 42



Journal of Agricultural Engineering and Technology (JAET). Volume 13, 2005

amount of feed are deposited onto a moving conveyor with each cross section of feed containing exactly the
required amounts of each of the different ingredients. Batch mixing involves mixing which take place in the tank
of the mixer in batch quarntities by means of re-circulation process. The action of the mixing mechanism is such
that feed elements are recirculated at different speed than the others.

Feed mixers designers and farmers have use different methods as reported by Beldin et. al (1968) to determine the
quality of feed mix. Firstly, visual observation and comparison where farmers closely observe the feed while it is
being unloaded in bunks and semi-feeders, and note the feed for uniform mix. Secondly, noting uniform condition
of the livestock, where farmers watch the condition of the herds as a measure of mixing ability of the mixer. The
lesser the trouble with the cattle the better the mixer. Thirdly, addition of an easily distinguishable tracer and
visually observing the overall uniformity distribution is a method where coloured tracers are added to the mix and
the uniformity of the tracers distribution is noted. The fourth method is laboratory analysis of samples where
mixed feeds are sent to the public or commercial laboratories for overall ration analysis.

The factors affecting the throughput of the auger conveyor according to Stevens (1962) include operating speed,
elevation of the auger conveyor and the pitch of the auger. The peak throughput based on the experiment
performed on an auger conveyor was attained when the operating speed was in the region of 100rpm, but
commercial auger in common use run at speed range between 1000rpm and 2000rpm for a 3inch diameter
(76.2mm)-auger and 600 to 750 rpm for a 6inch (152.4mm) auger. As the elevation of the conveyor increases, the
throughput decreases except the auger with the smallest value of ratio of pitch to the diameter. Most commercial
augers have a value ratio of pitch to diameter of approximately 1, and high capacity conveyor of free flowing
materials has a value ratio of pitch to diameter of approximately 1.5.

2.2 Design Consideration
In designing the mixer, the following factors were considered:

-Material Selection; minimum cost, strength, durability, appearance and availability of local materials.

-Stability of the Machine; geometrical shape of the mixer as well as the strength of the materials that would
withstand vibrations under different operating conditions.

-Power Requirements; estimation of the total power considers the power to operate the mixer empty and the
power to operate it at a desired load and desired elevation.

-Machine Capacity; economic utilization of the feed based on the population of the birds and cost of the feed
materials.

2.3 Description of Poultry Feed Mixer

A vertical mixer was designed and constructed. The mixer comprises of the following components as shown in
Figures 1 and 2. The major components include: the main body of total volume of 0.1852m?* and was constructed
of a sheet metal of gauge 20. The hopper is right angle triangle in shape and has a volume of 0.01125n?. The
auger conveyor is a hollow shaft with external diameter of 50mm and internal diameter of 44mm and pitch of
160mm. The capacity of the auger conveyor was 1.56tonnes/hr determined from the expression of Stevens
(1962). The bearing was rolling contact bearing (single row, deep groove ball bearing). The bearing was chosen
according to ASAE standard as given by Hall, et al, (1988). The power requirements consist of the power to run
the mixer empty and the power to run the mixer on load. The total power required is 3.80kW or 5hp. The belt
chosen is V-belt, rubber impregnated with leather of length 840mm.
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Fig. 1. Details of the poultry mixer
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Fig. 2. Picture of a poultry mixer

The machine was developed and constructed as a vertical mixer. The mixer works by the principle of
convectional mixing. The mixer is fed from the hopper and can be operated by an electric motor of 5hp. The
mixing starts with the charging of a desired proportions of feed ingredients via the hopper into the mixer which is
simultaneously followed by addition of additives. The mixer is allowed to run for a period of time to effect proper
mixing of the feed ingredients. The mechanism of mixing involves the conveyance of feed materials from the
lower part to the upper part of mixer by the auger conveyor working at the desired operating speed.

The materials on getting to the upper part sprinkles on the mixer parts and get down by gravity. The process
repeats until the desired mixing is obtained by viewing the degree of mixing in the testing spout of the mixer.
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24 Performance Evaluation

The test procedure followed that of Beldin, et al. (1968). Three operating speeds, of 100rpm, 150rpm 250rpm
were used for the performance test. As the mixer is working, 4kg of ground corn mixed with 1kg of soyabean
seeds serving as local tracer were fed into the mixer via the hopper. The mixer was operated for five minutes for
each of the three operating speeds, and the time was measured using stop-watch. After mixing and from the
mixed feed, an equally spaced 13 samples measuring 100gm per sample were randomly taken. The soyabean
seeds contained in every samples were sorted and counted. The effectiveness of mixing of the mixer was
calculated as coefficient of variation from the relationship:

CV=SD * 100% (1)
m
Where, SD = standard Deviation of mixed feeds and is mathematically expressed as
SD =vY (x-m)?
n (2)
m = mean of soyabeans seeds distribution in the samples; and is mathematically expressed as,
m=>3x
n (3)

Where: x = the number of soyabeans seeds in the sample, n= number of samples collected.
3. RESULTS AND DISCUSSION

The result of the performance evaluation of the poultry feed mixer are as shown in Table 1 and Table 2. It is seen
from Table 2 that the standard deviation (SD) and the coefficient of variation (CV) are high at operating speed of
100rpm and higher at operating speed of 250rpm but low at operating speed of 150rpm. The low value of SD and
CV is an indication of uniform distribution of the soyabeans seeds (local tracer) in the tested mixed feed, and the
high value of SD and CV is an indication of non-uniform distribution and the higher value of SD and CV is an
indication of poor distribution of the local tracer on the tested samples (Beldin, et. al, 1968). The effectiveness of
mixing of the mixer could be considered high at the operating speed of 150rpm, followed by the operating speed
of 100rpm but considered low at operating speed of 250rpm.

Table 1. Performance test result of the poultry feed mixer

Sample 100rpm 150rpm 250rpm

No. % of Soyabeans  (x-m)? % of Soyabeans (x-m)*> % of Soyabeans (x-m)
seeds in the seeds in the seeds in the

. sample (X) sample (x) sample (x)

1 40 342 42 0 20 942
2 36 441 40 4 40 286.62
3 30 66.42 43 1 10 170.82
4 32 3782 40 4 25 3.72
5 42 1482 42 0 15 65.12
6 50 14042 43 1 5 326.52
7 34 1722 42 0 10 170.82
8 48 97.02 42 0 20 942
9 46 6162 43 1 25 3.72
10 24 20022 44 4 30 48.02
11 36 462 43 1 25 3.72
12 38 0.023 42 0 40 170.82
13 40 3423 40 4 35 142.32
Total 416 651.456 546 20 300 1411.06
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Table 2. Summary of the performance test results of the mixer

Speed of operation (PM) 100 150 250
No. Sample Collected 13 13 13
Mean Value of the Samples 38.15 42 23.07
SD 7.37 1.29 10.98
CV (%) 19.30 3.07 46.98
4. CONCLUSION

The poultry feed mixer was designed, constructed and evaluated. It was concluded that the effectiveness of
mixing is high at moderate operating speed. The mixer performance was high at operating speed of 150rpm with
standard deviation (SD) and the coefficient of variation (CV) of 1.29 and 3.07% respectively.
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ABSTRACT

Mathematical models considering the aerodynamic and physical characteristics of liquid spray
droplets as well as the transport properties of air were developed to simulate changes in the size of air-
borne liquid spray droplets under varying field conditions. The models were programmed for
solutions using the fourth order Runge Kuta numerical integration techniques. A wind tunnel was
constructed to provide an experimental base for the validation of the mathematical models.

The model predicted a percentage size decrease of 11.6, 10.78, 9.09 and 7.758 % at still air and
29.52, 19.86, 14.99 and 12.04 % at the wind speed of 1.0 m/s for droplet sizes of 100, 150, 200 and
250 microns respectively after 10 seconds of being air-borne. As the size reduction rate in air
increases, the chances of off-target deposition of the spray droplets increase. The results of the
numerical computations compare fairly well with validation results confirming that the rate of change
in the size of an air-borne liquid spray droplet is influenced by the droplet size, droplet retention time
in air, wind velocity and intensity.

KEYWORDS: Modeling, change in size, air-borne, liquid, spray, droplet.
1. INTRODUCTION

In agriculture, agro-chemicals are used to protect crops against insects, weeds, and diseases. One
popular method of doing this is by spraying. Whenever a liquid spray droplet is exposed to any
environment of less than 100% relative humidity, the droplet will undergo a reduction in size by the
net mass transfer of the water molecules in vapor state (Law and Bowen, 1975). The size reduction
process, induced by such factors as the environment, aerodynamic and physical characteristics of the
spray droplet, transport properties of the transport medium (air) and droplet fluid (water), influence
the degree of off-target or on-target deposition of the spray droplets. Off- target deposition of
agrochemicals causes not only wastage of costly chemicals, but also environmental pollution of
nearby crops, as well as air, soil and water resources around the farm.

There is the need therefore to understand the interaction of the various factors affecting the size
reduction processes of liquid spray droplets in dynamic conditions. One of the ways of achieving this
understanding is by mathematical modeling and computer based simulation.

Previous attempts at developing mathematical models for simulating the reduction in size of spray
droplets have been made (Law and Bowen, 1975, Goering et al, 1972, Williamson and Thread gill
1974 and Miller and Hadfield 1989). From review of the literature, it was seen that no single model
has been able to incorporate most of the parameters influencing the reduction in size of liquid droplets
in air. For instance while some of the researchers view spray droplet evaporation as being closely
related only to convection of heat from bodies of the same shape; others see it as solely a molecular
diffusion problem. These different understandings of the problem led to the development of different
models some of which vary very significantly (Miller and Hadfield 1989).

The objective of this study was to develop and validate a simulation model which will consider all the
various factors of the environment, physical, aerodynamic and external factors affecting the size
reduction and deposition of an air-borne liquid droplet. Such a model will provide an insight into the
dynamics and deposition of an air-borne spray droplet thereby supplying the required environmental,

Nigerian Institution of Agricultural Engineers © 48



Journal of Agricultural Engineering and Technology (JAET). Volume 13, 2005

physical and aerodynamic data for maximizing efficient spray droplet deposition and minimizing drift
under varying spraying conditions.

2. MATERIALS AND METHODS
2.1 Model Development

In developing the model, the basic principles from the earlier works were applied (Marshall, 1955;
Ranz and Marshall 1952; Williamson and Thread gill 1974; Goering et al, 1972 and Marchant,1977.

Earlier studies on air-borne evaporation of spray droplets resulting to size reduction (Ranz and
Marshall 1952), reported that the rate of change of mass of an air-borne spray droplet was strongly
related to the surface area of the droplet in air, the mass transfer coefficient of the droplet, the flow
regime and the vapor pressure difference between the ambient air and the evaporating droplet surface.
They mathematically expressed these relationships as follows:

OM Ot =K A APMp oo, 1

Where 9om/ Ot = mass transfer rate (gs™)
Kg = Mass transfer coefficient (moles s'm?)
M, = Molecular weight of the droplet liquid (g mole™)
A, =Area of mass transfer = total surface area of droplet (m?)
A P = Vapor pressure difference (gm™ s?)

Assuming that the droplets are spherical in shape (Smith et al., 1982; Braig 1986; Goering et al,
1972), then we obtain,

A=ntDy/4and Vi=4nr’/3

A, = Area of the spherical spray droplet ( m?)

V; =volume of sphere (m°)

Dy=diameter of sphere (m)

r = radius of the sphere (m)

From the relationship: density = mass/ volume, we have

Mass = density x volume
= p p X volume of sphere.

M = P pTE Dpl B ettt e e 2

Where M= mass of droplet liquid (g)
p ,=density of liquid (gm™)
Differentiating equation 2 with respect to Dy, we have,

OM 0t =p pTt D/2* 0Dyl Olueeiiiiiiiiiiiieii i, 3

Comparing equations 1 and 3, we have,

=p ot D/2% 0 Dpl Ot =Kg* AXAP* Moo, 4

The density of fluid (air), droplet diameter, diffusivity and the flow regime of the droplet in air
influence the mass transfer coefficient, K. Hence Ky could be expressed as

Kg:pa*DV*NN/Ma*Dp*Pa ....................................... 5
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Where p , = density of air (kgm™®)

D, = diffusivity of the droplet vapor in air (m?s™)

Nn= Nusselt Number of heat and mass transfer (dimensionless)

M. = Molecular weight of the fluid (air) (g mole™)

D,= droplet or particle diameter (m)

P, = Partial pressure of air (g m™s?)
Nn=2.0+0.6 (RN)Y2(SN) Y2 L 6
Therefore arranging equations 5 and 6 gives

Kg=(paDJ My D,P) [2.0+ 0.6 (RN) " (SN) ] ............. 7
Substituting equation 7 into 4, we obtain,

p ot D2*0D,/ 0t = (pa DJ M, D, P) [20 + 0.6 (RN) “2 (SN) ¥*] (n D% 4*AP*

Simplifying equation 8 gives

0Dy 0t=-(paDw.M, AP/ 2* M,.D,.Ps p ) [2.0 + 0.6 (RN) Y2 (SN) *]........... 9
The negative sign indicates that the air borne droplet is reducing in size.

From previous work (Marshall, 1955)

ODP OZBATKI P g8 oot 10

Where AT = temperature difference between air and droplet surface (°C)
K = average thermal conductivity of gas film surrounding the droplet (KW m™* K™
p » =density of the droplet liquid (g m™)

& = latent heat of vaporization (KW kg™)
From equations 9 and 10, we have,
0Dy 0t=8ATKI p 4.8 = (p aDv.My AP /2.M,.D,.P.. p 1) [2.0+0.6(RN) YA(SN)**--11
Simplifying and rearranging equation 11, gives
0Dy 0t =(p aDu.M, AP.§ /8 *M,.D,.P.. AT.K) [1+0.3 (RN) " (SN) **].......... 12

Where RN = Reynolds Number (dimensionless)
SN = Schmidt Number (dimensionless)
Other parameters as earlier defined.

Equation 12 gives the complete mathematical model for describing the rate of change of size of any
air borne water based spray droplet in any environment where the relative humidity is less than 100%.
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2.2 Wind Effect

During, unstable atmosphere like that of windy environment often experienced during field spraying
operations, an air borne spray droplet tends to be drifted horizontally or vertically down to the target
or off-target.

In order to predict what happens to the droplet along the horizontal and vertical directions of motion
of the droplet, it is assumed that the droplet moves with an initial velocity V,, direction¢ , relative to

the horizontal and time, t. Wind with velocity, V,, blows on the droplet at an anglea , relative to the
horizontal as shown in Fig. 1.

Fr

W

(a) (b)
Figure 1.0: (a) Forces acting on the droplet. (b) Velocity diagram

Analysis of figure 1.0 results to equations 13 and 14

D (RH) = VaCOSO+ Vo COS .o
D (RV) = Vasina+ Vo Sind ..o 14

Where RH = component of the air and droplet velocities along the horizontal direction.
RV = component of the air and droplet velocities along the vertical direction.

2.3 The Model

The evaporation rate of an air-borne spray droplet is directly proportional to the velocities of the
droplet liquid and its medium (air) (Sutton, 1953).

Therefore,
Ao (Va+ Vo)
AT K (Va V0 it e e 15

Where A = evaporation rate for water based droplet, K = factors of evaporation, V.= velocity of air.
V, = initial velocity of the droplet.

Comparing and arranging equations 12, 13 and 14 with 15 gives

0Dy (X)/ 0t =-1/8 (p 2.Dv.My AP.& [*M,.D,.P.. AT.K) (1 + 0.3 (RN)¥? (SN) ®) RH...16

Nigerian Institution of Agricultural Engineers © 51



Journal of Agricultural Engineering and Technology (JAET). Volume 13, 2005

0D, (y)/ 0t=-1/8 (p .Dv.M, AP.8 / *M,.D,.P.. AT.K) (1 + 0.3 (RN) Y* (SN) ¥}y RV...17
P p P P

Where 0D, (x)/0t = droplet evaporation rate in the horizontal direction. 0D, (y)/ 0t = droplet
evaporation rate in the vertical direction.

Equations 16 and 17 were used to simulate spray droplet evaporation along the horizontal and vertical
directions of wind motion, respectively.

2.4 Numerical Solution

The set of equations 1-17 represents the set of mathematical models used to predict the evaporation of
an air-borne spray water-based droplet. The equations were programmed for solutions using 4™ order
Runge Kuta numerical integration technique.

Fourth Order Runge Kutta numerical method was used in solving the set of equations. The equations
were first reduced to a system of first-order equations and then solved simultaneously. The advantage
of this method is that as the X, Y locations of the droplet are changing with time, so also is the droplet
diameter which is decreasing through evaporation. Thus, at every discrete step, the droplet diameter is
updated to get the new location.

The fourth-order Runge-kutta algorithm for the one-step integration of a single first-order equation
with one appropriate initial condition was written for a system of n-first order equations with n-initial
conditions as presented below.

For a system of n equations:

aYlla[: fl(t, Yl, Yg,.., Yn)

6Y2/6Ff2 (t, Yl, Yg,..,Yn)

6Yn/61:f3 (t,Yl,Yg, ‘s ,Yn)

The one-step integration across the ith interval is:

Yj'i+1:in+h®j

:yji+h (kji+2kj2+2kj3+kj4)/6

Where:
Kii=T; (ti, Yair Y2ir---s Yni)
Kpp=f; (ti+¥2h, Y1i, Y2i,....Yni )
kjngj (Xi +%h, Vii, Y2i,. X, m*)
Kia=T; (Xi + , Y1i, Y2 Vi)

2.5 Model Validation

Results of the numerical computations were compared with experimental results obtained during a
series of model validation tests under the controlled environmental conditions of a wind tunnel
facility.

The wind tunnel was constructed to provide an experimental base for the validation of the
mathematical model. The tests were carried out inside the test chamber of the wind tunnel at different
heights, wind velocity and time intervals. The spray droplets were generated using a knapsack sprayer
and were collected at different equidistant positions along the vertical and horizontal trajectories of
the spray droplets.

After the spray droplet stains were collected on the chromatography papers, the papers each

measuring 50cm x 40cm were cut into 5cm x 4cm units giving a total of 100 units. The stain sizes
were placed under a microscope fitted with eyepiece micrometer for size or diameter measurement.
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The chromatography paper has at its back water sensors connected to an alarm system. The alarm
system indicates the time at which the water droplets touched the chromatography papers. For each
cloud of spray droplets, 30 droplets were sized. At the end of the experiments, measurements such as
the time-distance or flights-time, droplet initial diameter, droplet velocity, wind speed, wet and dry
bulb temperatures, barometric pressures, droplet final diameter, etc were made. The experiments were
carried out at two air conditions of still air and varying air velocity of 1.0 m/s.

3. RESULTS AND DISCUSSION

The results of the numerical computations and experimental validation tests are presented in Figures
1-4 and Tables 1-2. Figure 1 presents the comparison of the results of the simulation and validation
experiments at still air condition. It indicates that 10 seconds after leaving the sprayer nozzle, the
simulation predicted a size reduction range of 100 to 88.40 microns, while the experiment recorded a
size reduction range of 100 to 92.00 microns. The trend is noticeable in the other droplet sizes of 150,
200 and 250 microns.

Figure 2 illustrates the comparison of the droplet size reductions as obtained from simulation and
experiment at the wind velocity of 1.0 m/s. It is observed that droplet size reduction was generally
higher at the wind velocity of 1.0 m/s than at the still air condition. Also, droplet size decreases as the
air-borne time increases thereby increasing the rate of change of the spray droplet sizes. The
observation is true for all the spray droplet sizes used for the validation experiments and was in line
with similar studies (Miller and Hadfield 1989; Law and Bowen, 1975).

The two Figures (1&2) compare the droplet size reductions at still air and windy field conditions. The
comparison indicates that droplet size reduction increased significantly as wind velocity increased
from 0 m/s to 1.0 m/s. This could be explained using the kinetic theory of molecular diffusion. It is
well known that liquids contain molecules which are in constant random motion. Each of these
molecules moves at different random velocities. In a non-convective evaporation process, the
diffusion of liquid molecules away from the droplet surface controls the the mass transfer rate of the
droplets. At the surface of the liquid droplets, some molecules with sufficient kinetic energy may
break through the liquid surface and encounter some molecules of air or vapor and as such may be
forced to fall back to the droplet surface after the collision. When wind blows, the molecules of the
air or vapor surrounding the droplet surface will be removed, clearing the way for the liquid
molecules breaking through the surface of the droplet liquids. The faster the wind blows, the faster
will be the rate of movement of the liquid molecules out of the droplet surface. Hence the faster will
be the rate of evaporation of the liquid droplet sizes.

In the case of still air, the diffusion and random motion of the liquid molecules control the rate of loss
of weight of the droplet. The absence of wind reduces the rate of removal of the air or vapor
molecules surrounding the droplet surface. Therefore, the liquid molecules at the droplet surface will
continue to collide with the molecules of air or vapor and hence forced to fall back to the liquid
droplet surface with random velocities. The random collision of the molecules and their different
random velocities caused the non- linear pattern of the percentage reduction in the sizes of the
droplets at still air as shown in Figures 3 and 4.

Figures 3 and 4 compare the percentage size reductions of the simulated and experimental results at
still air and wind velocity of 1.0 m/s respectively. Figure 3 indicates that at sill air, a 100 microns
droplet size recorded a size reduction of 8% for the experimental results and 11.60 % for the
simulated results. It is observed from Figure 3 that percentage size reduction increased as the droplet
size decreased. For instance, the 100 microns recorded 8 % size reduction, while the 250 microns
recorded 4.32 % reduction during the experimental validation tests. The result is in agreement with
similar studies by Williamson and Threadgill (1974) Goering et al, (1972). The same trend holds for
the simulated results, with a size decrease of 11.6 % for 100 microns and 7.78 % for 250 microns
droplet sizes.
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The reason for the observed increase in percentage size reduction as the droplet size decreases is
based on the understanding that droplet size reduction due to evaporation is essentially a surface
phenomenon, which depends on the ratio of surface area to volume. This ratio is low for large droplet
sizes and high for small droplet sizes. The higher the value of the ratio, the higher the increase in
percent size reduction and the lower the value of the ratio, the lower the percent size reduction.

300
250 —e— Simulated
—_ —=— Exp'tal
5 200 T—E—WW Simulated
(] )
Exp'tal
B 150 xBTS S —_— , P
o —x— Simulated
& 100 —e— Exp'tal
S
a —g@— Simulated
50 —=— Simulated
0 T T T T T
0 2 4 6 8 10 12
Time (second)

Fig.1: Comparison of droplet size reduction of simulated and experimental results at still air.
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Fig.2: Comparison of droplet size reduction of simulated and experimental results at the
wind velocity of 1.0m/s.
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Fig.3: Percentage droplet size reduction of the simulated and experimental results at still air
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Fig. 4: Percentage droplet size reduction of the simulated and experimental
results at wind velocity of 1.0 m/s.
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Table 1: Range of droplet size reduction and percentage deviation of the
simulated results from the experimental results at still air.

Original Size reduction Size reduction Deviation of
droplet size range for range for Simulated simulated results
(microns) Experimental results(microns) from Exp’tal results
results(microns) (%)
100 100-92.00 100-88.40 3.60
150 150-141.50 150-133.83 5.12
200 200-190.00 200-181.81 4.09
250 250-239.20 250-230.55 3.46

Table 2: Range of droplet size reduction and percentage deviation of simulated
results from the experimental results at the wind velocity of 1.0 m/s.

Original Size reduction Size reduction Deviation of
droplet size range for range for Simulated simulated results
(microns) Experimental results(microns) from Exp’tal results
results (microns) (%)

100 100-62.80 100-70.48 7.68

150 150-99.48 150-120.20 13.82

200 200-150.25 200-170.01 9.88

250 250-191.20 250-219.88 11.48

With the percentage deviation range of 3.60-5.12 % for 100-250 microns respectively (Table 1) at still
air and 7.68-11.48 for 100-250 microns respectively (Table 2) at the wind velocity of 1.0m/s, the
simulated and experimental results compare fairly well. The comparison of the percentage droplet size
reductions of the simulation and experimental results at the wind velocity of 1.0 m/s(Figure 4) reveals
that droplet size reductions were higher for the experimental results than the simulated results. The
experimental results recorded a 37.2 % size reduction for 100 microns and 23.52 % size reduction for
250 microns. In the case of the simulated results, 29.525 and 12.04 % size reductions were predicted
for the 100 microns and 250 microns respectively.

The difference between the values of the experimental and simulation results is attributed to the
intrinsic properties of air-vapor mixtures whereby the water molecules present in any air-vapor
mixtures exert pressures on the surroundings and do not exactly follow the perfect gas laws (Singh
and Heldman, 2005). However, the models were developed to follow the gas laws. Generally, when
Figure 4 and 2 are compared with Figures 1 and 3, there is the indication that the model actually
described and predicted size reduction of spray droplets at still air condition and at the wind velocity
of 1.0 m/s. The good agreement of the simulated and experimental results justifies the inclusion of the
latent heat of vaporization of the liquid droplets and the thermal conductivity of the transport medium
(air) as important parameters in predicting air-borne size reduction phenomenon in liquid spray
droplets. This should be so especially in a tropical environment where the ambient air temperature
could be as high as 40 °C at certain periods of the year.

4. CONCLUSIONS

From the simulated and experimental results, the following conclusions were deduced:

At still air, the developed model predicted a percentage size decrease of 11.6, 10.78, 9.09 and 7.758 %
for droplet sizes of 100, 150, 200 and 250 microns respectively after 10 seconds of being air-borne.

The percent deviations of simulated results from validation results were 3.6, 5.12, 4.09 and 3.46 % for
the droplet sizes of 100, 150, 200, 250 microns respectively.
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In the case of windy environment at the wind speed of 1.0 m/s, the model predicted a percentage size
reduction of 29.52, 19.86, 14.99 and 12.04 % for the droplet sizes of 100, 150, 200, and 250 microns
respectively after 10 seconds of leaving the sprayer nozzle.

The percent deviation of simulated results from validation results indicates 7.68, 13.82, 9.88, and
11.48 % for the droplet sizes of 100, 150, 200, and 250 microns respectively

Under still air condition, small liquid droplets have longer air-borne time or retention time in air than
the large ones. The longer the retention time, the more the evaporation rate which leads to decrease in
droplet size and hence, the more chances of off-target deposition.

The size reduction of an air-borne spray droplet increases as the droplet retention time in air increase.
This means that the distance between the spray nozzle and the target should be as small as possible to
reduce the air-borne time. Wind velocity affects the evaporation of air-borne liquid droplets. The
higher the wind velocity, the higher the rate at which droplet sizes decrease, implying that spraying at
windy environment should be discouraged.
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