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EDITORIAL

The population of the farmers who are engaged in agriculture in the world still accounts for the
half of the whole world population. World population has exceeded 7.2 billion and is predicted to
reach 9 billion in 2030. In future, most of the population growth will happen in urban areas. In
every country, younger people tend to move to the city to look for the job other than agriculture
since agriculture has small profit and demands continuous attention.
The phenomenon such as aging of farmers and reduction of young people in rural area has been
seen in many countries. Japan is on the top of the phenomenon and average age of farmers has
exceeded 66 years. Aging of farmers is advancing rapidly and at the same time, the agricultural
labor force is rapidly decreasing. I live in rural area and the person who lives in front of my house
is engaging in agriculture and his age is 76. In Japan, many farmers over 80 are engaged in agriculture using agricultural machine and it is no exaggeration to say that the senior citizens and agricultural machine are supporting Japanese agriculture. With the increasing population, the world
is seeking more food production. Aging of the farmers who support the food production and the
labor shortage are becoming a huge problem. To solve it, development of agricultural mechanization that matches each country’s agricultural conditions is necessary.

The need for agricultural mechanization is becoming more and more important not only for improving agricultural labor productivity but also for increasing land productivity.
However the keyword “Agricultural Machinery” has become less visible in many universities of
Japan and other advanced countries. In Japan, there were 23 Universities with departments of Agricultural Machinery or Agricultural Engineering before, but we cannot see any of those names
now.
The time is coming to review drastically the education system for agricultural machinery at
educational institutions. There are many problems that cannot be solved by the power of industry;
however, it is necessary for the public research institutions to re-approach the agricultural machinery research and human resource development.

Since 1971, AMA has been published in order to stimulate communication among the worldwide experts for promoting agricultural mechanization in developing countries. My objective
through AMA has been in backing up the development of agricultural mechanization of the world
as an important media toward the better future.
By researching, developing and spreading appropriate agricultural machineries for the farmers in developing countries, economic disparities that are spread worldwide will be reduced and
peaceful world will be realized. Let’s all come together for it.
Yoshisuke Kishida
Chief Editor
July, 2015
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Performance Evaluation of Different Types of Spice
Grinding Machinesry for Producing Chili Powder

by

D. M. S. P. Bandara

R. M. R. N. K. P. Rathnayake

T. M. R. Dissanayake

Mechanical Engineer,
Srimapriyangika@yahoo.com

Research Officer,

Mechanical Engineer,

Research & Development Centre, Institute of Post Harvest Technology, Jayanthi Mawatha, Anuradhapura, SRI LANKA

Abstract
A study was conducted to evaluate
the performance of two types spice
grinding machines currently used
in Sri Lanka namely pin (disk) mill
and plate mill. The machines were
evaluated for their performance in
chili grinding with a view to recommending the suitable machine or
machinery combination for the Sri
Lankan spice processing industry.
Their performance were evaluated
in terms of particle size obtained
after grinding; color of ground chili;
pungency level after grinding; fat
content, moisture content, and fiber
content of ground chili and energy
consumption per kilogram of processing chili powder.
The pin mill performed best as a
single machine in terms of particle
size of ground product among two
types of spice processing machinery. However, the machinery combination of plate mill gave color close
to the red line from orange line.
The machinery combination of
one pass through pin mill and other
two passes through plate mill produced a particle size of 500 µm.
Color of the ground chili powder
was closer to the redness from or-

ange which reveals by the lightness
value (L*) of 36.50. The fat content,
moisture content, fiber content of
ground chili powder were 14.9 %,
9.9 % and 27.1 % respectively and
all these parameters comply with
SLSI specif ication. The energy
consumption per kilogram of chili
powder was 0.095 kWh. This combination was the best combination
for producing chili powder as the
consumers’ acceptance and therefore the market price.

Introduction
T he processi ng a nd t r a de of
spices has always been an important
industry. The spice trade still has a
significant impact on the economy
of many countries such as Grenada,
Sri Lanka and Indonesia. Spices are
used in the preparation of food for
more of reasons such as enhancing
the flavor and aroma of food, adding
piquancy and pungency and improving appearance by adding color to
food. These spices are also used in
the medicines because of their carminative stimulating and digestive
properties. Small scale processing
of spices can also be economically

and socially successful (Schweiggert et al., 2007).
The manufacturing process involves cleaning, drying, grinding or
pulverizing, sieving and packing of
spices such as chili, pepper, turmeric, coriander, etc either individually
or in combination with other spices.
To improve the quality of the
spice products there are few parameters to draw attention from harvesting stage to grinding stage. It is
not possible to produce a good spice
product from low quality harvested
material. The main obstacle to correct harvesting is the crop being
picked immature. This is usually
due to fear of theft or the farmer
requiring money urgently. However,
every effort should be made to wait
until the spices are fully mature
(www.indianindustry.com visited on
02. 10. 2006).
The crop should be cleaned before processing. The first stage is to
remove dust and dirt. Next step is
the drying. This is by far the most
important section in the process.
The inability to adequately dry the
produce will slow down the whole
process and possibly lead to mould
growth or discoloration. For spice
processing there are many mod-
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ern equipment available in world’s
trade.
Grinding adds value but must be
done carefully as there are difficulties. A whole, intact product can be
easily assessed for quality whereas
a ground product is more difficult.
There is a market resistance to
ground produce due to fear of adulteration. This can only be overcome
by producing a consistently high
quality product and gaining the confidence of customers.
Most spices are subjected to particle size reduction, because only few
of them can directly be incorporated
into food products. Different types
of grinding equipment, for example
plate mill or pin (disk) mill or both
are established in the spice industry
in Sri Lanka. Furthermore hammer
mills are also used today in medium
and large scale industry. Plate mills
have been specially introduced to
meet the demands for cheaper production. The mechanism is simple
in design, easy operation and fine
finish.
Pin (Disk) mill consists of rotating disk, attached to the main shaft
and fixed casing. As the material
is fed into the machine through the
hopper, which regulates the feed
into the processing chamber, it gets
sheared between pins attached to the
rotating disk and fixed casing. The perforated screen
fitted in the periphery of the A
processing chamber regulates the fines of sheared
material depending upon its
hole diameter.
Hammer mill is suitable
for med iu m / la rge scale
to fine grinding of soft to
medium hard mater ials.
The desired fineness is being achieved by the type of
Hammer, the rotor speed,
size of screen opening and
this can be varied according to market requirements.
The final output product is
then collected from the cyclone separator for bagging
8
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and the excess air is filtered through
cotton dust bags. This machine
facilitates to grinding chilly, coriander, turmeric, etc (Panday et al.,
2006).
In this study, the attention was
drawn to evaluate the grinding machinery performance on dry chili
grinding. Chili is an important spice
and condiment in the tropics and
subtropics. It is an indispensable
item in the kitchen for everyday
cooking in Sri Lanka.
Even though the quality standards have been formulated for chili
grinding (Annon, 1988) no previous
work has been done to compare the
efficiency of different chili grinding
machines available in the market.
Ad-hoc evaluation of individual
machinery has been done previously. However a comparative study
on performance of different types
of available machines has not been
done.

Methodology
Selection of Grinding Machine and
Their Combinations
There are three types of chili
g r i nd i ng m a ch i ne s c om mon ly
available in the Sri Lankan market.

Small and medium scale spice processors are widely using plate mill
and pin mill (Fig. 4) which are the
most popular and simple grinding
mills in Sri Lankan spice processing industry. Hence, these two types
were selected for evaluation of performance. As the Hammer mill is
suitable for larger scale production;
it is not been considered for this experiment.
There are four types of pin mills
and three types plate mills according to the capacity. In this study,
the machine which consists of rotating disk having diameter of 0.23 m
and 4 kW single phase motor was
selected for the experiment. The
plate mill which consists of 0.18 m
diameter iron grooved plate was selected for the experiment. This was
run by a single phase 1.5 kW motor. These two types were obtained
from Udaya Industries, Weligalle
and installed at Institute of Post
Harvest Technology, Anuradhapura,
Sri Lanka. Component drawing of
the pin mill and plate mill is shown
in Fig. 1.
Testing was carried out to evaluate the performance of each machine and machine combinations.
The machine combinations consisted of a maximum of two machines

Fig. 1 Component diagram, A:Pin mill, B: Plate mill
B
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Table 1 Machinery Combinations
Treatment No
T1
T2
T3
T4
T5
T6
T7
T8
T9
T10
T11
T12

Machinery
Combination
M1
M2
M1M1
M 2M 2
M1M 2
M 2M1
M 2M 2M 2
M1M1M1
M1M 2M 2
M1M1M 2
M 2M1M1
M 2M 2M1

M1: Pin mill, M2: Plate mill

in order to ensure that a reasonable
initial capital cost is maintained in
establishing a processing line. The
number of passes through a single
machine or a machine combination was varied from one to three in
order to maintain operational cost
at a reasonable level. A total of 12
treatments, comprising of two machine types and their combinations
with one, two and three passes,
were used for the evaluation. Each
treatment was replicated three times
(Table 1).
Samples Preparation
A homogeneous bulk sample of
dried Chilies of medium type, belonging to the popular Sri Lankan
variety MI-2, was used for the experiment. The selection criterion of
MI-2 was based on the popularity
(Fig. 2).
The initial moisture content of
chili taken for milling was around at
14 ± 0.5%.

Discolored pods and foreign matters were removed from samples
prior to roasting. Chili products are
prepared by roasting of the raw material as a whole.
Temperature of the raw material
goes to 70-80 ºC; the most of volatile substances evaporate. The product becomes very inferior without
any cause (http://practicalaction.org
visited on 19. 03. 2008). The color
is close to black from red. On the
other hand, the lower is the roasting
temperature, harder for grinding.
Therefore, it is suitable to select
optimum temperature using grinding ability and microbial growth.
Hence, the samples were roasted
for one hour at 60 ºC temperature.
The initial moisture content of chili
taken for grinding was kept constant
at 12 or 14 (as given above the Fig.
2) ± 0.5 % using an oven dryer.
Experimental Procedure
A trial run was carried out before
each test run using a similar quantity of dry chilies that was to be used
in the experiment. This allowed for
the proper adjustments of processing units to obtain optimum capacity with required quality.
For each test run, one kilogram
of dry chilies was used. During the
test runs, the following observations
were recorded.
1. Current drawn by the machine
was measured by using an analog type Clip-On Ampere meter
(KYORITSU, Model: 2608A) of
accuracy ± 0.1 A.
2. Temperature increase of powder
was measured using a digital thermometer (HANNA, Model: HI

Fig. 2 MI-2 Chili variety

MI-2 Ripe pods

MI-2 Dry

145-20) of accuracy ± 0.1 ºC.
3. Recovery of powder was taken
by measuring deference between
input chili and ground chili using
Digital Balance (ZHUNSHENG
SCALES Model: 250).
4. Time taken for each run at each
combination was measured by using Digital stop watch.
Representative powder samples
from each treatment were analyzed
in the laboratory for particle size
distribution, moisture content, fat
content, fiber content and color.
The particle size distribution was
measured using particle size analyzer (OCTAGON, Model: Digital)
having six sieves of aperture size
850, 500, 300, 250, 212 and 125 microns and the samples of 100 g were
weighed into the nearest 0.01 g and
sieving was carried out for 10 min
with occasional tapping on the set of
sieves. The material retained on the
sieve was transferred quantitatively
into a tare dish and weighed.
If the ground chili particle passed
through a sieve of a 500 micron
with the minimum of 90 % by mass
chili it shall be sufficiently ground
(Annon, 1988)
It is unable to use the oven dry
method to calculate the moisture
content of chili powder, because
when heating chili more than 120
ºC, volatile compounds will be removed. Hence Dean and Stark apparatus was used. In a Dean and Stark
method, representative chili sample
(50 g) was mixed with 100 ml of
toluene in 500 ml glassware. The
heating of the mixture was carried
out above boiling temperature for
six hours. Extracted moisture volume on toluene layer was measured
using measuring cylinders. Then
moisture content was calculated by
using following equation (Panday et
al., 206).
Mc = [(Wv × Dw) / Sw] × 100.. (1)
Where,
Mc: Moisture content
Wv: Water volume
Dw: Density of water
Sw: Sample weight
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The color of the ground chilies
was determined in five replicates using a Chroma meter (Konica Minolta, Model CR-400). Representative
chili powder samples (50 g) were
introduced to the Chroma meter and
readings of L*a*b values were taken.
Preliminary experiments revealed
that a* and b* values of the ground
chili were not significantly different in each machinery combination, where the lightness value (L*)
contributed much to the difference
in colour. Hence L* value was taken
into consideration in further experiments.
Moisture content, crude fat and
crude fiber of chili powder were
determined in triplicate according
to the standard methods of AOAC
(Horwitz, 2000).
Determination of non volatile
ether extracts for every sample was
also determined in triplicate according to the standard methods of SLSI
(Annon, 1988).
The energy consumption of processing per kilogram of chili powder was calculated by considering
power consumed by the relevant
machinery or machinery combination. The electric current used by
the machine during the grinding
operation was measured by clip-on
ampere meter (KYORITSU, Model
2608A). It was assumed that line
voltage was 230 V and consumed
power by the machine was calculated using following Equation (Singh,
2003).
P = VI........................................(2)
Where;
P: Power
V: Voltage
I: Ampere
The energy consumption of processing per kilogram of chili powder was calculated by considering
power consumption. The following
assumptions were taken into consideration when computing the energy
consumption: total time of grinding
as the sum of processing time and
handling time of each passes taken
for the determination of machinery
10
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capacity and kWh, recovery of chili
powder taken as the average of outturn, number of working hours per
day as eight hours; number of working days per year as three hundred
days, machinery are working in
their full capacity.
Statistical Analysis
The experimental structure of
all the experiments was complete
randomized design. Data gathered
were analyzed using Analysis of
Variance (ANOVA) by Statistical
Analysis System (Annon, 2000).
Percentage data were transformed to
arc sin values prior to analysis. Differences between treatment means
were obtained by Duncan’s multiple
range test at 5 % significance level
(p < 0.05). The subjective measurements of sensory evaluation were
analyzed by Friedman test using the
MINITAB statistical package.

Results and Discussion
Particle Size Analysis
The par ticle size distribution
va r ied w it h d if ferent mach i ne
combinations and the number of
passes through the machines. Four
machinery combinations out of the
twelve combinations produced chili
powder of particle size less than 500
micron which is the requirement of
Sri Lanka standard (Annon, 1988)
for ground chili (Table 2).
The necessary particle size distribution of 500 µm comply with
the SLSI standards, These were obtained from the following combinations of three passes through plate
mill (T7); three passes through pin
mill (T8); one pass through pin mill
and two pass through plate mill (T9),
single passes through plate mill and
two passes through pin mill (T11).
At a ny c o mbi n a t io n of d i s k
mill, first pass should be without a
screen and at the multiple passes it
should be with 500 micron (0.5 mm)
screens.

Analysis of Color Value of Ground
Chili
The tristimulus L* a* b* measurements relate to the human eye response to color, and has uniform
visual spacing. The L* variable is
a lightness value which ranges between 0 for black and 100 for white.
Thus, when the L value reaches near
to zero the redness increased and
the value near to hundred it reaches
to orange color. The color of chili
powder plays an important role in
marketing because increasing redness maximizes the customer satisfaction. However, according to the
SLSI standards (Annon, 1988) color
of the chili powder could be varied
in between orange to red. Results of
the study revealed that three passes
through plate mill gives the highest
value of redness (Table 3) that was
proved by the appearance of the four
samples (Fig. 3).
In this connection, plate mill implies the more red color of ground
sample than that of combination
of disk mill whereas, the disk mill
performs best as a single machine
for obtaining finer particle size of
ground product (Table 2).

Table 2 Particle size distribution of
ground chili
TreatMaterial Retaining
Particle Size
ment
on 500 μm Sieve
Average*/µm
No.
(%)
> 600
T1
>
600
T2
> 600
T3
> 600
T4
> 600
T5
> 600
T6
500
0.8
T7
500
0.6
T8
500
9.5
T9
> 600
T10
500
0.7
T11
> 600
T12
At any combination of disk mill, first pass
should be without a screen and at the
multiple passes it should be with 500
micron (0.5 mm) screens.
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Moisture Content of Ground Chili
The moisture content of ground
chili powder varied with the ma-

chinery and the number of passes
through the machines. The lowest
moisture content of 8.2 % was ob-

Table 3 Color value of
ground chili distribution

Table 5 Fiber content of
ground chili

Treatment Machinery
No.
combination
M 2M 2M 2
T7
T8
M1M1M1
T9
M1M 2M 2
T11
M 2M1M1

L Value
35.55d*
39.65c
36.50a
37.02b

Table 4 Moisture content of
ground chili

Table 6 Fat content of ground chili

Treatment Machinery
Moisture
No.
combination Content (%)
9.9b
M 2M 2M 2
T7
8.2c
T8
M1M1M1
9.9b
T9
M1M 2M 2
10.7a
T11
M 2M1M1
Fig. 7 Energy consumption of processing
per kilogramas of chili powder
Treatment Machinery
No.
combination
T7
T8
T9
T11

M 2M 2M 2
M1M1M1
M1M 2M 2
M 2M1M1

Treatment Machinery
Fiber
No.
combination Content (%)
27.6a
M 2M 2M 2
T7
27.4a
T8
M1M1M1
27.1b
T9
M1M 2M 2
27.0b
T11
M 2M1M1

Energy
consumption/kg
(kWh)
0.100a
0.095b
0.095b
0.090c

Treatment Machinery
No.
combination
M 2M 2M 2
T7
T8
M1M1M1
T9
M1M 2M 2
T11
M 2M1M1

Any two means in the same column
followed by different letters differ
significantly according to Duncan’s
multiple range test (P < 0.05).

T7

T8

T9

Fig. 4 Two grinders; A: Pin mill, B: Plate mill
B

A

Analysis of Fiber Content of Ground
Chili
SLSI standards for ground chilies
emphasize the need of having fiber
content not more than 28 %. All the
treatments have shown the almost
similar results (Table 5) relevant to
fiber content which complies with
SLSI standard (Annon, 1988).
Fat Content of Ground Chili
There is no significant difference
among the treatments relevant to fat
content.

Fig. 3 Chili samples of four treatments

T6

Fat Content
(%)
14.5a
14.6a
14.9a
14.3a

served in the combination of three
passes through pin mill (T7) while
the highest moisture content of 10.5
% was observed in combination of
single pass through pin mill and
two passes through plate mill (T9)
(Table 4).
An important aspect in determining the shelf-life of flour is whether
it has been milled dry, moist or wet.
The milled product must then be
dried before storage. The recommended moisture content for safe
storage of chili powder is less than
13 % (Annon, 1988). This is partly
accomplished by the heat from the
drying process, milling process and
on mats where a thin layer is exposed to the sun (Modi et al., 2006).

Energy Consumption
The lowest energy consumption
per kilogram of processing (Table
7) chili was obtained from
single pass through plate
mill; double passes through
pin mill whereas the highest reading recorded from
three passes through plate
mill. In other two combinations; three passes through
pin mill and single passes
through pin mill with two
passes through plate mill
the energy consumption
values imply that difference
is not insignificant (a).
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Conclusions
The color, pungency and particle
size distribution are considered to
define the quality of dried chili powder as these properties ref lect the
consumers’ acceptance and therefore the market price. The pin mill
performed best as a single machine
in terms of particle size of ground
product among two types of spice
processing machinery. However,
combination of plate mill gives color close to the red line from orange
line.
The machinery combination of
one pass through pin mill without
the screen and other two passes
through plate mill (T9) is the best
combination for producing chili
powder. This combination produces
a particle size of 500 µm. The Lightness value (L*) is 36.50. The fat content, moisture content, fiber content
of ground chili powder are 14.9 %,

9.9 % and 27.1 % respectively and
all these parameters comply with
SLSI specifications. The energy
consumption per kilogram of chili
powder in this combination is 0.095
kWh.
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Abstract
A study was undertaken to evaluate the performance of different
rotary blade shapes for puddling under sandy clay loam soils commonly
used in the Punjab state of India.
In order to find out the best combination of blade shapes and rotary
speed of the puddler, experiments
were conducted by using three blade
shapes (J, C and L) at three rotor
speeds (245, 263 and 280) in sandy
clay loam soil (Clay 21.4 %, Silt 15.5
% and Sand 63.1 %). The effect of
blade shape and rotor speed was expressed in terms of puddling index,
infiltration rate, PTO power requirement and fuel consumption. Different treatment combinations were
compared with the control (Puddling with cultivator × 2 + Planker
× 1). The action of the J shaped
blade resulted in the maximum puddling index (73.78 %) and minimum
infiltration rate (0.01 mm/h) at 280
rpm rotor speed as compared to the
C and L: shaped blades as well as

the control. J: shaped blade required
minimum PTO power (19.10 kW)
and consumed minimum fuel (16.40
l/ha) at 245 rpm rotor speed as compared to C and L: shaped blades as
well as the control. J: shaped blades
deposited maximum clay content
(28.27 %) and minimum sand content (54.03 %) at top 10 mm layer of
soil. The action of J: shaped blade
at rotor speed of 280 rpm exhibited
better results for puddling index,
infiltration rate, PTO power requirement and fuel consumption as compared to C and L: shaped blades as
well as the control.
Key words: Puddling index, infiltration rate, rotavator, rotavator
blades and rotor speed.

Introduction
Paddy is grown in an area of
45.5374 million ha in India with
99.182 million tons of annual production (Anon, 2013). Paddy cultivation requires higher energy input

particularly for seed bed preparation
and irrigation. As per prevailing
practice, shallow standing water
in the field during early months of
crop growth is a pre-requisite. This
practice leads to considerable loss
of water through deep percolation.
Paddy is grown in both uplands and
lowlands. Fields are f looded with
ir rigation water. Under f looded
conditions, the problem of water
percolation loss is overcome by different tillage practices. A common
practice includes compaction of
sub-subsurface by puddling. This
leads to breaking of soil aggregates
into finer soil particles at saturation near soil moisture condition
(Sharma and De Datta, 1986). Puddling is carried out under flooded
conditions with standing water on
the surface. Different tillage practices have been used for decreasing percolation losses (Aggarwal
et al., 1995). Puddling is an ideal
method to reduce water percolation. However, unless used properly
it might have an adverse effect on
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soil physical properties, growth and
yield of succeeding crops (Boparai
et al., 1992). Puddling in standing
water before transplanting paddy
seedlings is a common practice
to reduce water infiltration. It facilitates transplanting and helps to
maintain standing water in the field
by controlling infiltration losses.
Thus, it helps to conserve water,
the most precious natural resource.
The seedlings can be easily transplanted in the soft puddle with less
resistance and damage. Different
methods and implements have been
used to achieve the required degree
of puddling. Some of these include
a country-plough, disc harrow, tine
cultivator and angular puddler. Reduced draft requirements help in
reducing wheel slippage under wet
conditions for better power utilization. Rotary tools reduce the draft
and time required for puddling operations and help in improving the
quality of puddling (Triplett, 1986).
Many studies on puddling by using
a rotavator have been conducted.
However, the data on the effect of
blade shape and rotor speed for
given soil condition on puddling

quality is lacking. The present study
was undertaken to understand the
relationship of blade shape, rotor
speed and soil type with the puddling quality.

Materials and Methods
Field studies for evaluating the
effect of blade shape and speed on
puddling quality were conducted at
The Research Farms of The Department of Farm Machinery and Power
Engineering, Punjab Agricultural
University, Ludhiana. The study
was conducted on Sandy Clay Loam
Soil (Clay: 10.2 %, silt: 17.2 %,
sand: 72.6 %). A chisel plough was
used to break the hard pan of soil,
followed by tilling with a spring
tyne cultivator twice and one planking operation. After prepatory tillage, leveling of the field was done
by a Laser Land Leveller. Before
start of field experiment the field
was f looded with water to ensure
complete soil saturation. During the
experiment the water level in plots
was maintained at 100 mm depth.
Thereafter, puddling was carried

out by using J, C and L type rotary
blades mounted on rotor shaft of the
rotavator of 1.7 m width (Fig. 1).
The detailed drawing of different
type of blades is shown in Figs. 2.
There were 10 flanges in J: shaped
blade rotor and 7 f langes each in
other two types (C & L shape) rotor
comprising of 6 blade per f lange.
Rotavator was operated at constant
depth (90 + 5 mm) by a 55hp tractor
at rotor speed of 245, 263 and 285
rpm respectively in three experimental plots for each blade shape.
Control treatment comprised two
passes of cultivator (1.7 m) followed
by single pass of planker.
The effect of dependent parameters viz. puddling index (PI), infiltration rate (IR), power requirement
(PR) and fuel consumption (FC)
was observed. Puddling index was
measured as per IS 11531:1985. Infiltration rate was calculated taking
in account rainfall and evaporation
in intervals till a steady state (basic
infiltration rate) was achieved. PTO
power was measured using strain
gauge type torque transducer and
fuel consumption using fuel f low
meter. Different parameters were

Fig. 1 View of Rotavator with different type of blades

a) J-Shaped

b) C-Shaped

c) L-Shaped

Fig. 2 Front and side view of different type of rotavator blades

a) J-Shaped
14
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computed as follows and shown in
Fig. 3:
Puddling Index
PI = (Vs / Vt) × 100
Where,
PI = Puddling Index,
Vt = total volume of soil-water
suspension in the test tube and
Vs = volume of soil settled in the
test tube.
Infiltration Rate
IR = (RF + FD − E) / t

Where,
IR = Infiltration (mm),
RF = Rainfall (mm),
FD = Fall in water depth (mm),
E = Evaporation (mm) and
t = time interval (h) for measuring
period.
Infiltration rate was measured in
the plots for number of days till a
steady state (basic infiltration rate)
was achieved.
Different parameters were ana-

lyzed on the basis of Randomized
Block Design (RBD) test using software “SAS 9.2 Version at 5 % level
of significance. The soil samples
were taken from three depths i.e.
0-10 mm, 11-40 mm and 41-90 mm
respectively from different plots at
end of each experiment. The collected samples were used for determining sand, silt and clay contents
at different depths by International
Pipette method (Gee and Bauder
1986).

Fig. 3 View of experiments and measurements of various parameters

Results & Discussion

a) Measurement of Puddling Index

b) Measurement of Infiltration Rate

c) Measurement of Power Requirements

d) Measurement of Fuel Consumption

Fig. 4 Puddling index (%) for different blade shape at different rotor speed

Effect Of Operational Parameters
On Puddling Index
For a given rotor speed of rotavator, the puddling index was
significantly higher in case of J:
shaped blades followed by C and L:
type blades as well as the control
respectively (Fig. 4). It is attributed
to better churning of soil in standing water owing to higher number
of blades on the rotor. The lowest
puddling index was observed for
control treatment (33.00 %). This is
attributed to lack of effective soil
churning (manipulation) by the cultivator used as control (Singh and
Dhaliwal, 1995).
The puddling index also increased
significantly with the increase in
the rotor speed for all three shapes
of blades. The higher puddling index (73.78 %) was observed for J:
shaped blade at 280 rpm rotor speed
and lowest for L: shaped blade at
245 rpm (44.67 %). This is due to
the fact that as the rotor speed was
increased, the bite length of soil cut
by rotavator blades decreased this
resulting in better puddling of soil.
The interaction between J: shaped
blade at rotor speed of 245 rpm
(61.44 %) and C: shaped blade at
rotor speed of 280 rpm and the interaction between C: shaped blade
at rotor speed of 263 rpm (57.67 %)
and L: shaped blade at rotor speed
of 280 rpm (58.43 %) was non-significant. The same puddling index
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Effect of Operational Parameters
on Pto Power Requirement
Rotor speed (rpm)
Time
The power requirement at PTO
245
263
280
(Hours
Control
after
Treatment was significantly higher in case of
Blade shape
puddling)
L: shaped blade followed by C and
J
C
L
J
C
L
J
C
L
J for a given rotor speed of rotava5
1.70 3.82 4.20 1.30 2.80 2.90 0.78 2.04 2.50
5.79
tor (Fig. 6). It was attributed to the
29
0.18 1.12 2.20 0.09 1.01 1.79 0.06 0.68 1.11
3.98
53
0.07 0.45 0.91 0.04 0.46 0.68 0.01 0.24 0.42
2.91
fact that L: shaped blades cut the
77
0.06 0.12 0.38 0.03 0.09 0.27 0.01 0.06 0.16
1.79
soil slices almost entirely along
101
0.10 0.19
0.07 0.12
0.04 0.07
1.52
the cycloid and one of the lateral
125
0.18
0.11
0.06
1.24
planes along the full depth of the
149
1.22
blade. The C: shaped blades partly
cut and partly tore the soil slices
along the cycloid; but the slice of
was observed for both treatments.
The inf ilt ration rate also desoil was cut off entirely along all
All other interactions between the
creased significantly with increase
its lateral planes of varying depths.
given blades shape (J, C and L) and
in the rotor speed for all shapes of
Therefore, in C: shaped blades cutrotor speeds (245 rpm, 263 rpm and
blades. This was due to better pudting, the lateral planes of varying
280 rpm) were found to be signifidling index for higher speeds. The
depths were engaged instead of the
cant at 5 % level of significance.
higher infiltration rate (0.18 mm/h)
entire depth of the lateral plane in
was observed for L: shaped blades
L: shaped blades (Sharda and Singh,
Effect of Operational Parameters
at 245 rpm and lowest for J: shaped
2001). Whereas, in case of J: shaped
on Infiltration Rate in Sandy Clay
blade at 280 rpm (0.01 mm/h).
blades, there was lesser area of conLoam Soil
As evident from the data presented in Table 1, for each interval
Fig. 5 Effect of blade shape and rotor speed on infiltration rate (mm/h)
of measurement the inf iltration
rate was minimum for J: shaped
blades followed by C: shaped and L:
shaped blades at each rotor speed.
Infiltration rate was found to be the
maximum for control treatment for
each interval of measurement.
Basic inf ilt ration rate was
achieved after 77 h, 101 h, 125 h and
149 h for J: shaped blade, C: shaped
blade, L: shaped blade and for control treatment respectively.
At a given rotor speed, the infiltration rate was significantly lower
Fig. 6 PTO power requirement (kW) for different blade shape at different rotor speed
in case of J: shaped blades followed
by C and L: shaped blades as well
as control respectively (Fig. 5). It is
attributed to higher puddling index
achieved with J: shaped blade as
compared to C, L and control treatment. The higher Puddling index resulted in decreased infiltration rate
(Singh and Dhaliwal 1995). Control
treatment resulted in the maximum
infiltration rate (1.22 mm/h) due,
mainly to, less clay particles resting
at the top layer of soil as compared
to the soil churned by rotavator
blades.
Table 1 Infiltration rate at different time intervals

16
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Table 2 Percentage of Clay, Silt and Sand at different depths of puddled soil
Composition (%)
Clay
Silt
Sand

0-10 mm depth
28.27
17.70
54.03

Clay
Silt
Sand

25.13
18.47
56.37

Clay
Silt
Sand

24.33
18.47
57.23

tact with the soil.
The power requirement at PTO
also increased significantly with
increase in the rotor speed for all
shapes of blades. The higher power
requirement (24.88 kW) was observed for L: shaped blades at 280
rpm and lowest for J: shaped blades
at 245 rpm (19.10 kW). This was due
to the fact that increased rotor speed
resulted in greater acceleration of
soil particles and more number of
cuts, thus offering higher resistance
per unit time.
T he i nt e r a ct ion bet we e n J –
shaped blade at 263 rpm rotor speed
(20.91 kW) and L: shaped blades
at 245 rpm rotor speed (21.02 kW);
the interaction between J: shaped
blades at 280 rpm rotor speed (22.51
kW) and C: shaped blades at 263
rpm rotor speed (22.17 kW) was not
significant. It means both treatments

Blade Shape: J
10-40 mm depth
25.37
18.33
56.43
Blade Shape: C
24.13
18.53
57.3
Blade Shape: L
23.17
18.07
58.77

40-90 mm depth
24.43
18.40
57.17
23.27
18.47
58.27
22.37
17.23
60.20

required same power at the PTO.
All other interactions vary significantly at 5 % level of significance.
Effect of Operational Parameters
on Fuel Consumption
At a given rotor speed of rotavator, fuel consumption was significantly lower in case of J: shaped
blades followed by C and L: shaped
blades as well as the control (Fig.
7). Overall control treatment consumed more fuel (22.12 L/ha) as
compared to rotavator because of
more number of operations (Cultivator 2 + Planker). Among the
blades, J: shaped blades consumed
the minimum fuel as compared to
the other two types of blades which
is supported by less PTO power requirement.
The fuel consumption also increased significantly with increase

Fig. 7 Fuel consumption (l/ha) for different blade shape at different rotor speed

in the rotor speed for all shapes of
blades. The higher fuel consumption
(19.61 L/ha) was observed for L:
shaped blades at 280 rpm and lowest
for J: shaped blade at 245 rpm (16.35
L/ha). This was due to the fact that
with increased rotor speed, higher
power was required at PTO.
The interaction between J: shaped
blades at rotor speed of 280 rpm
(17.28 L/ha) and C: shaped blade
at rotor speed of 245 rpm (17.28 L/
ha) was non-significant. It means
in these two treatments the fuel
consumed was the same. All other
interactions between three blade
shapes (J, C and L) and three rotor
speeds (245 rpm, 263 rpm and 280
rpm) were significant at 5 % level of
significance.
Effect of Operational Parameters
on Texture of Soil
The data for percentage of clay,
silt and sand at 0-10 mm, 10-40 mm
and 40-90 mm average depth of
puddled soil for J, C and L: shaped
blades is presented in Table 2. It
shows that J: shaped blade of rotavator resulted in maximum average
clay content followed by C: shaped
blades and L: shaped blades in top
0-10 mm layer.
Optimum Operational Parameters
The optimum operational parameters for this study were determined
on the basis of quality of puddling
i.e., higher puddling index and lower
infiltration rate. Rotavator with J –
shaped blade at 280 rpm rotor speed
resulted in higher puddling index
(73.78 %), lower infiltration rate
(0.05 mm/h), lower power requirement (22.51 kW) and lower fuel
consumption (17.28 L/ha) as compared to C and L: shaped blades.
Hence, J: shaped blades, with rotor
speed of 280 rpm are found to be
the optimum operational parameters
to get the best quality of puddled
soil.
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News
Obituary
Dr. Jun Sakai, Professor Emeritus, Department of Agriculture, Kyushu University has passed away on June 8,
2015 at the age of 83. He had served as a co-operating editor of AMA from Japan from 1976 to 2015. He was born
in Saga, Kyushu in 1931. During his long time career of agricultural engineering profession, he actively supported
the development of agricultural mechanization in Asian countries as well as educated young students in universities.
He authored the book entitled “Two-Wheel Tractor Engineering for Asian Wet Land Farming” which is widely read
among researchers and farmers in Asia.

Dr. Graeme R. Quick, a co-operating editor of AMA from Australia since 1995, has passed away on May 19th
after suffering sudden heart attack on May 18th. He was born in Melbourne, Australia in 1936. He had been Head,
Agricultural Engineering Division, International Rice Research Institute(IRRI) from 1988 to 1995. Backed by considerable experience and enthusiasm he authored many books for agricultural engineering experts. The book “The
Grain Harvesters” published from American Society of Agricultural Engineering in 1978 is very popular and read
worldwide.
We give sincerest condolence to both of the co-editors and deeply appreciate their contribution to AMA.
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Abstract
A study was carried out at Kalabsho Region, El-Dakhlia Governorate, during 2012 summer season
to identify the effect of organic
fertilization on rice mechanical
drilling, soil charactersties and total
yield. Sugar beet tops were used
as an organic fertilizer. They were
broadcasted upon the soil surface
and tilled using a rotary plough. The
experimental work was designed
statistically as a split plots with
three replications. The main plots
involved the organic fertilization
treatment with rotary ploughing (2
contrary passes), rotary ploughing
(1 pass) and without rotary ploughing. The sub plots included seed
drill with forward speed treatment
levels of 2.25, 3.60, 4.95 and 6.30
km/h. The results indicated the following:
1. The seed drill at forward speed of
6.30 km/h after rotary ploughing
(2 passes) achieved higher field
capacity of 2.13 fed/h and lower
specific energy of 1.21 MJ/fed.
2. The rotary ploughing (2 passes)
achieved the best desirable soil
characteristics of 1.28 g/cm3 bulk

density, 18.11 mm/h infiltration
rate, 2.14 dS/m salinity, 6.00 pH
and 27.00, 18.20 and 347.00 ppm
of the available N, P and K concentration, respectively.
3. The rotary ploughing (2 passes)
achieved higher plant uniformity
coefficient of 93 % and higher rice
grain yield of 4.40 Mg/fed.
Generally, it is recommended to
apply the chisel plough and rotary
ploughing (2 passes) for sugar beet
top mixing as an organic fertilization method of soil to achieve higher
rice grain yield.

Introduction
The excessive and continuous
chemical fertilization causes an
accumulated side effects on the human and the animal health and the
environment and maximizes the
agricultural production cost.
In Egypt, the agricultural policy
paid a great attention to overcome
or minimize chemical fertilizers
application. This native goal could
be achieved by applying the proper
agricultural practices such as the
organic soil conditioners. So, the

recent world attention is directed
towards utilization of plant residues
as organic soil conditioners.
In Egypt, an enormous amount
of plant residues is left after harvest. Utilization of these residues
is largely for burning, industrial
terminuses or as animal feed. On
the other hand, utilization of plant
residues as soil conditioners is serviceable to maintain the soil fertility
through the biological process in
which microorganisms decompose
organic materials, consuming oxgen and producing carbon dioxide,
water and heat into the soil (Hong
et al., 1997 and Hong et al., 1998).
Moreover, the natural organic materials play an important role in availability of macro and micronutrients
through its active groups fulvic and
humic acids which have the ability
to retain such metals in complex and
chelate form. The organic acids are
produced during the decomposition
of organic matter in the soil, influencing the soil pH, consequently,
increasing the availability of macro
and micronutrients (El-Abaseri et
al., 1996; Kumar and Goh 2000; ElFayoumy et al., 2000; Goh et al.
2001; Phongpan and Mosier, 2002;
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and IAEA, 2003).
The objective of this study is to
identify the effect of organic fertilization methods using sugar beet
tops on soil characteristics and the
performance of rice mechanical
drilling and the total rice yield.

Material and Methods
Experimental Procedure
Soil Characteristics:
To fulfill the objective of this
study, a field experiment of 1 feddan
(70 × 60 m)(0.42 ha) was carried
out at Kalabsho Region, El-Dakhlia
Governorate, during 2012 summer
season. As indicated in Tables 1
and 2, the soil was analyzed mechanically and chemically according
to the standard procedures cited by
El-Serafy and El-Ghamry (2006).
Agricultural Practices
Seed Bed Preparation:
The seed bed was prepared using
a chisel plough in one pass at 0.20
m depth. Then, the organic fertilizer of sugar beet tops at the rate of
3 Mg/fed was manually broadcasted
in regular distribution upon the soil
surface. The secondary tillage was
performed using a rotary plough
(one and two contrary passes). The
land leveling was carried out using

a mounted hydraulic land leveler
of 1.26 m 3 capacity (0.60 × 3.00 ×
0.70 m). Some chemical constitutes
of sugar beet tops are presented in
Table 3.
Planting Process:
A selected seeds of Giza 178 rice
variety were drilled with a rate of
60 kg/fed. using a mounted seed
drill of 21 rows with 0.15 m row
spacing. The seed drill was operated using a 2 WD tractor of 45 kW
power.
All other practices were done according to the recommendations of
Rice Res. Dept., Field Crops Res.
Inst., Agr. Res. Center, Ministry of
Agriculture and Land Reclamation.
Treatments and Statistical Design
During the experimental work the
following treatments were tested:
1. Organic fertilization at the rate of
3 Mg/fed tilled in the soil using
a chisel plow followed by rotary
plough (one pass - two passes and
without rotary tillage) and a land
leveling using hydraulic land leveler.
2. Seed drill forward speeds of
2.25, 3.60, 4.95 and 6.30 km /
h at 1st, 2nd, 3rd and 4th slow
gears, respectively of full throttle
(around 75-80% of tractor engine
speed.
The experimental work was de-

Table 1 Soil mechanical analysis of the experimental site
Soil layer,
m
0-0.3

Corse, %
80.25

Sand, %
Fine, %
3.10

Total, %
83.35

Silt,
%
9.55

Clay,
%
7.10

Soil texture
class
Sandy

Table 2 Soil Physical and chemical characteristics of the experimental site
Moisture
InfilBulk
Ec, dS/
content density,
tration
m
3
(d.b.), %
g/cm rate, mm/h
18.12
1.59
33.54
4.28

pH, 1 :
2.5
7.80

Available Available Available
N, ppm P, ppm K, ppm
21.55

14.44

321.29

Table 3 Some chemical constitutes of sugar beet tops
Moisture
content
(d. b.), %
7.08
20
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Ash, %
14.42

Organic
Organic
Total N,
carbon,
matter, %
%
%
77.51
44.96
1.096

Total P,
%
0.67

Total K,
C/N ratio
%
2.45

41.02

signed statistically as a split plots
with three replications. The main
plots were devoted for the organic
fertilization with plowing treatment
levels. The sub plots were located
for the seed drill treatment levels.
Measurements
Machinery Performance:
Machinary performance was determined as cited by Kepner et al.
(1982) as follows:
Actual field capacity (AFC):
AFC = 1 / ATT fed/h.................. (1)
Where:
ATT is the actual total time required for acting one fed, hrs.
Tractor wheel slip (S):
S = [(v1 − v2) / v1] × 100 %.......(2)
Where:
v1 is the machine forward speed
without load, m/s.
v2 is the machine forward speed
with load, m/s.
Specific mechanical energy requirements (SME):
SME = [(11.41 × FC) / AFC] MJ/fed.
. .............................................. (3)
Where:
FC is the fuel consumption, Lit/h.
11.41 is the transformation coefficient from lit/h to MJ.
Seed drill wheel skidding (sk):
sk = [(L − 3.14 D) / L] × 100 %... (4)
Where:
L is the actual distance per one
seed drill wheel revolution, m.
D is the diameter of the seed drill
wheel, m.
Uniformity of Plant Distribution:
Plant distribution uniformity was
estimated as the coefficient of variation (c.v.) from average number of
plants at the unit area in lateral or
longitudinal direction (Steel and
Torrie, 1980):
cv = (σn / Sr) × 100 %................(5)
Where:
σ n is standard deviation of seed
spacing along the same row, m.
S r is recommended seed spacing
along the same row, m.
Soil Characteristics
At harvest, the soil moisture con-
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tent and the soil bulk density were
deter mined according to ASAE
(1992), the soil pH and the soil salinity were determined as cited by
Black et al. (1965), the soil infiltration rate was determined according
to Garcia (1978) and the available
soil macronutrients concentration
was determined according to Hesse
(1971).

rice crop yield data.
Regression and Correlation Analysis:
Microsoft Excel 2010 computer
software was used to employ the
simple regression and correlation
analysis to represent the relation
between rice crop yield and the
organic fertilization method under
different seed drill forward speed
levels.

Macronutrients Uptake by Rice
Plants
At harvest, across each plot, rice
grain samples were collected from
12 plants. As cited by El-Serafy
and El-Ghamry (2006), the samples
were weighed and digested. The uptake N, P and K by rice plants were
determined as follows:
1. The uptake N was determined using a micro-Kjeidahi procedure.
2. The uptake P was determined
color metrically using the chirostammous molybophosphric blue
color method.
3. The uptake K was determined using the flame photometer method.
Rice Crop Yield:
Across each experimental unit,
an area of 1 m 2 is taken randomly
to determine rice crop yield (grain
and straw). Then, it was calculated
on basis of 14 % moisture content
(d.b.).
Statistical Analysis:
SAS computer software package
was used to employ the analysis of
variance test and the LSD tests for

Results and Discussion
Performance of Seed Drill
Effect of Seed Drill forward
Speed on Field Capacity:
Fig. 1 shows that as the seed drill
forward speed increased from 2.25
to 6.30 km/h, the field capacity increased from 0.78, 0.82 and 0.85 to
1.88, 2.00 and 2.31 fed/h for the organic fertilization methods of without rotary ploughing, rotary ploughing (1 pass) and rotary ploughing
(2 passes), respectively. This trend
demonstrated that the seed drill
manipulates lower operating time
per unit area with the increasing of
machine forward speed.
Effect of Seed Drill forward Speed
on Tractor Wheel Slip:
On the same time Fig. 2 exhibits
that as the seed drill forward speed
increased from 2.25 to 6.30 km/
h, the tractor wheel slip increased
from 3.72, 3.35 and 3.15 to 6.80,
6.50 and 6.00 % for the previous

Fig. 1 Effect of seed drill forward speed on field capacity

Without rotary

Fig. 2 Effect of seed drill forward speed on tractor wheel slip
Without rotary

Rotary 1 pass

7

2

6

Wheel slip, %.

Field capacity, fed/h.

2.5

1.5
1
2

3

Rotary 1 pass

Rotary 2 passes

Rotary 2 passes

0.5

organic fertilization methods with
the same respect. This result may
be proved that at the higher forward
speed of the seed drilling machine,
the tractor wheels fail to overcome
the attractive force due to the insufficient traction power.
Effect of Seed Drill forward Speed
on the Specific Energy Requirement:
Fig. 3 shows that as the seed drill
forward speed increased from 2.25
to 6.30 km/h, the specific energy
requirements decreased from 3.71,
3.35 and 2.95 to 1.85, 1.35 and 1.21
MJ/fed for the previously mentioned
organic fertilization methods respectively. This trend may be explained that at the higher forward
speed, the lower rolling resistance
decreases the required force to deflect tractor wheels to push the disturbed soil and to overcome wheel
and axle bearing friction, resulting
in lower draft, consuming lower
amount of fuel.
Effect of Seed Drill forward Speed
on the Seed Drill Wheel Skidding:
Fig. 4 construes that as the seed
drill forward speed increased from
2.25 to 6.30 km/h, the seed drill
wheel skidding increased from 2.61,
2.20 and 2.05 to 3.95, 3.80 and 3.00
% for the previous organic fertilization method levels respectively. This
relation is attributed to the seed drill
instability at the higher forward
speed which increases the seed drill
vibration, resulting in diminishing

4

5

Forward speed, km/h.

6

7

5
4
3

2

3

4
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the contact area between the seed
drill wheel and the soil surface.
In general, the previously mentioned data revealed that the rotary
ploughing (2 passes) achieved more
acceptable seed drill performance.
This is due to the resulted higher
degree of pulverized soil which
decreases the rolling resistance
required to pull the tractor and the
seed drill.
Uniformity of Plant Distribution:
Fig. 5 shows that higher plant
distribution uniformity coefficients
of 88, 90 and 93 % were achieved at
the seed drill forward speed of 2.35
km/h for the organic fertilization
methods of without rotary ploughing, rotary ploughing (1 pass) and
rotary ploughing (2 passes), respectively. These results agreed with the

Fig. 3 Effect of seed drill forward speed on specific energy
requirements under different skidding of seed drill
Without rotary

Table 4 demonstrates that the
rotary ploughing (2 passes) accomplished more desirable soil characteristics of 1.28 g/cm3 bulk density,
18.11 mm/h infiltration rate, 2.14
dS/m salinity, 6.00 pH and 27.00,
18.20 and 347.00 ppm available N,
P and K concentration, respectively.
This tendency explained that the
rotar y ploughing (2 passes) accomplished fine soil particles which
having a negligible electromagnetic
charge. So, the soil free pore spaces
per unit volume increased, resulting
in lower soil bulk density. Moreover, the irrigation water streams,
detaches soil particles from the surface and pushes fine particles into
the surface pores, creating a smaller
pores offering greater resistance to
the gravity, where they can impede

phenomena, i.e., the plant distribution uniformity is proportional with
the degree of soil pulverization.
The higher degree of soil pulverization decreases the seed kinetic
energy, resulting in lower seed rolling motion. Then, the accuracy of
seed deposition increases. On the
other hand, at the higher seed drill
forward speed, the machine wheel
skidding increases, resulting in lowering the released seeds from the
feeding system. Also, at the higher
seed drill forward speed, the machine vibration increases, leading
to the increased kinetic energy of
the released seeds from the feeding
system. Then, the seeds rolling motion abounds, resulting in lower accuracy of seed deposition.
Soil Characteristics:

Fig. 4 Effect of seed drill forward speed on wheel skidding
under different organic fertilization methods
Without rotary

Rotary 1 pass

Rotary 1 pass

Rotary 2 passes

Rotary 2 passes

4

Wheel skidding, %.

Specific energy requirements,
MJ/fed.

3

3

2

2

3

4

5

6

2

1

7

2

3

4

Forward speed, km/h.

Fig. 5 Effect of seed drill forward speed
on plant distribution uniformity coefficient
under different organic fertilization methods
Without rotary

Rotary 1 pass

3
Macronutrient uptake, %

Distribution coefficient, %.

100
95
90
85
80
2

3

4

5

Forward speed, km/h.

22

AMA46-3Sum07_90.indd

6

7

Fig. 6 Effect of organic fertilization methods
on macronutrients uptake by rice plants

Rotary 2 passes

75

5

Forward speed, km/h.
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7

N

P

K
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1

1.0
0.8
0.6
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Table 4 Effect of organic fertilization methods on soil characteristics
Organic
Bulk density,
fertilization
g/cm3
method
Without rotary
1.40
ploughing
Rotary ploughing
1.35
(1 pass)
Rotary ploughing
1.28
(2 passes)

Infiltration
rate, mm/h

Ec, dS/m

pH, 1 : 2.5

Available N,
ppm

Available P,
ppm

Available K,
ppm

23.14

3.00

7.00

24.15

15.34

331.50

21.23

2.43

6.55

25.56

17.55

339.80

18.11

2.14

6.00

27.00

18.20

347.00

the infiltration process, resulting in
lower value of soil salinity. Also,
the decomposition of the sugar beet
tops may make the soils tend to
become acidic as a result of carbon
dioxide release, leading to lower
value of soil Ph. In addition, the
finer soil particles of greater specific
surface area allowed to release more
amounts of the available soil macronutrients.
Also, the data showed a significant effect of the organic fertilization on improving the soil characteristics. This may be attributed to
the soil biological activity in which
microorganisms decompose the soil
organic matter, consuming oxygen
and producing carbon dioxide, water
and heat into the soil which maintaining the soil fertility.
Macronutrients Uptake by Rice
Plants:
Fig. 6 indicates that the rotary
ploughing (2 passes) recorded higher macronutrients uptake by rice
plants with a values of 1.60, 0.60
and 2.75 % for N, P and K, respectively. This finding is attributed to
the aeration process which increases

Rice crop yield,
Mg/fed.

mineralization that allowed the soil
to release more amount of the available nutrients, to be up taken by rice
plants, thereby improve the supply
of nutrients. Moreover, data reveal
that using the organic fertilization
enhanced uptake of more nutrients
by rice plants. Also, it encouraged
the biological fixation of the atmospheric Nitrogen, which increase
the amount of N uptake. In addition,
the sugar beet tops decomposition
increases the solubility of native
phosphr us by means of organic
acids that produced during the tops
decomposition. Meanwhile, the
increase in the available soil K is attributed to the release of K from the
added tops and the native source as
well as the retention of K by the soil
organic matter against leashing.
Rice Crop Yield:
Fig. 7 exhibits that the higher rice
grain and straw yield value of 4.40
and 5.00 Mg/fed was obtained by
applying a sugar beet top mixing
during the chisel plow tilling followed by rotary plough (2 passes)
as an organic fertilization method.
This finding is due to the higher
degree of plant distribution uniformity that
diminishes the plant
Fig. 7 Effect of organic fertilization method
c omp et it ion wh ich
on rice crop yield
af fe ct s t he g row t h
factors i.e. light, water
grain
straw
and nutrients uptake.
In addition, this result
5.5
means that, the rice
g rain yield was af4.5
fected significantly by
the organic fertilization which improves
3.5
the soil characteristics
without
Rotary
Rotary
rotary
1 pass
2 passes
and enhancing, it to

release the available nutrients, resulting in more NPK uptake by rice
plants.
The analysis of variance test indicated that there is a significant
difference in rice grain yield due
to organic fer tilization method
treatment. LSD test at 0.05 level
shows that rotary plough (2 passes)
achieved higher rice grain yield
among the other treatment levels.
The regression and correlation
analysis revealed that there is a
highly significant positive correlation between rice crop yield (y) and
rotary ploughing pass times (x) as
follows:
Grain: y = 0.300 x + 3.482
R2 = 0.9994
Straw: y = 0.325 x + 4.016
R2 = 0.9515

Conclusion
The obtained results of this study
could be concluded the following:
1. The chisel plow followed by rotary ploughing achieved higher and
acceptable seed drill performance.
2. The rotary ploughing (2 passes)
achieved the highest plant uniformity coefficient of 93 %.
3. The rotary ploughing (2 passes)
achieved more desirable soil characteristics and fertility.
4. The rotary ploughing (2 passes)
achieved the highst rice grain
yield of 4.40 Mg/fed.
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Abstract
Field exper i ments were conducted in a sandy loam soil using a
purpose-built down-cut deep tilling
experimental rotavator mounted
on an instrumented tool-frame carrier. The instrumentation of the
tool-frame carrier allowed for the
simultaneous measurement of vital
rotavator operational parameters
required to evaluate its field performance. The parameters recorded
included forward thrust forces generated, blade angular position, blade
torque requirement, blade rotational
speed, set tillage depth, and forward
travel speed. The rotavator kinematic parameter, λ, was determined
for forward travel gears I and II at
a fixed rotavator rotational speed of
60 rpm giving values of λ of 6.026
and 4.944, respectively. The experiments were carried at 200-550 mm
tillage depth range, in steps of 50
mm, at constant soil water content
levels for three and six blades on
the flange. The findings indicated
that the magnitude and variations
of the resultant forward thrust force
depended on the bite length, set
tillage depth, and the kinematic
parameter, λ; and that there exists a
unique depth for each rotavator configuration and operational condition

at which the forward thrust force
generated is greatest. Compared to
other operational parameters, the
bite length had a greatest effect on
the rotavator torque requirements.
Therefore, it is imperative that a
tighter control over possible changes
in the kinematic parameter, λ, is ensured during tillage with rotavators.
Key words: down-cut rotavator,
deep tillage, tiller performance, kinematic parameter, specific energy

Introduction
The rotavator, derived from rotary
cultivator, or rotary tiller is a tillage
tool comprised of L-shaped blades
mounted on f langes, that are attached to a shaft driven by the tractor power-take-off (PTO) shaft. It is
an active tillage tool that processes
the soil at a speed that is different
from the forward travel speed of
the tractor. With respect to depth
of tillage, the rotavator is unique
because during its operation, the
actual depth of tillage for each blade
changes throughout the rotational
path of the cutting operation (Marenya, 2009). The performance of a
rotavator is affected by many factors
such as blade configuration, direction of rotation, set tillage depth and

kinematic parameter, λ. The rotavator kinematic parameter is the ratio
of the blade rotational speed to the
forward travel speed (Hendrick &
Gill, 1971a).
Rotavator blades may be rotated
on vertical-axis or horizontal-axis
rotor shafts. The horizontal rotavator axis rotavators may be operated
in the up- or down-cut directions of
rotation. Down-cut rotavators may
exert a forward force/thrust to the
tractor driveline while the up-cut
ones pull the tractor rearwards. The
forward thrust, generated by the
down-cut rotavator, though possibly
detrimental to the tractor driveline,
offers several advantages for crop
far ming (Manian & Kathi r vel,
2001; Shinners, Wilkes & England,
1993). Some of these advantages
include: 1) the thrust force generated by the rotavator can be used as
traction aid and can therefore contribute significantly to the reduction
of the rolling resistance of a tractor,
2) the reduced draught results in
less wheel slip at the tractor tyresoil interface, thus improving field
productivity and efficiency, 3) the
reduced draught allows for the use
of lighter tractors, thus reducing the
soil compaction and the purchase
price of tractors to operate rotavators, 4) the reduced draught of rota-
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vators also allows tillage operations
to be performed in more difficult
traction conditions, which has great
potential for improving timeliness
of the entire crop production system
(Marenya, du Plessis & Musonda,
2003;Shinners et al., 1993).
To date, the application of rotavators in crop production systems,
demanding the manipulation of the
soil at deeper depths, appears to be
hindered by the perceived excessive
energy requirement. Owing to this,
commercially available rotavators
are designed for shallow tillage,
i.e., tillage depths less than 200 mm
(ASAE Standards, 2000). According to Manian and Kathirvel (2001),
the view of the excessive energy
consumption by rotavators only
holds when the energy consumption of the rotavator is compared to
the energy consumed by individual
passive tillage tools or operation(s),
without considering the quality of
the resultant tilth, and the number
of tillage operations required under
conventional tillage. When the total
energy demand for producing an
acceptable tilth is considered, the
series of passive tillage operations
needed to realise the same tilth consumes more specific energy than
the rotavator (Manian & Kathirvel,
2001; Prasad, 1996).
As with any other tillage tool, the
depth of operation has significant
influence on the power requirement
and performance of a rotavator (Shibusawa, 1993). Hendrick and Gill

(1971b) reported that increasing the
depth of operation, while holding
other rotavator design parameters
and soil conditions constant, resulted in increased energy requirement
for both directions of rotation. From
the previous research work reviewed
by Hendrick & Gill (1971b), there
was no consensus on the relationship between depth and energy requirements. In most cases, specific
energy requirement increases at
an increasing rate with the depth
of tillage (Shibusawa, 1993). Some
studies, however,) have shown a linear relationship between increments
in these two factors for the same
soil conditions for a given rotavator
(Beeny & Khoo, 1970). This increasing rate of the specific energy
requirement with depth has been
the main reason for restricting the
rotavator to shallow tillage, i.e., tillage to set maximum depths of under
200 mm (ASAE Standards, 2000).
A combination of tillage depth, with
increasing blade rotational velocity,
results in a rapid increase in specific
energy requirement (Hendrick &
Gill, 1971b).
According to Hendrick and Gill
(1971a, b), power requirements of
rotavators might be reduced by considering the relationships between
the tiller design and its operational
parameters. These parameters include the direction of rotation of the
blades (Salokhe & Ramalingam,
2001), depth of tillage, ratio of peripheral speed to the forward travel

speed (λ), blade configuration (Salokhe, Hanif & Hoki., 1993) and the
soil condition. From the profitable
farming perspective, the rotavator
holds immense potential for reducing the cost of producing crops
especially if methods for reducing
its excessive power requirements in
deep tillage can be found. One way
of doing this is to carry out studies
that would establish the effects of
the rotavator design parameters on
its performance. This can be accomplished by designing and fabricating
a deep-tilling rotavator with requisite instrumentation so as to obtain
information on its field performance
parameters for use in studying its
performance (Marenya et al., 2003).
The aim of this study was to quantify the performance of a down-cut
rotavator. The specific objectives
were to: 1) design, fabricate and
test an instrumented experimental
deep-tilling rotavator setup, fitted
with available commercial rotavator blades, and 2) quantify the field
performance of the experimental
deep-tiling rotavator in terms of its
specific energy or power requirements over a wide range of set tillage depths.

Materials and Methods
Conceptual Formulation
A block diagram (Fig. 1) was
proposed as a basis for assessing the
performance of a deep tilling rotava-

Fig. 1 A block diagram for the characterizing the performance of a rotavator
Initial soil conditions
Direction of rotation
Depth of tillage

Torque
(up - or down -cut )

Tillage Process
(Soil-Tool Interaction )

Thrust /pull forces

Bite length
Blade configuration

26
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tor fitted with L-shaped blades. The
block diagram includes rotavator
tillage and output operational and
design factors such as the direction
of the blade rotation, bite length,
initial soil condition, depth of tillage
and blade configuration; all factors
having considerable inf luence on
the rotavator performance indicators. These indicators include torque
requirement, the resultant thrust/
pull forces and tilth quality of the
resultant tilled soil. The study was
limited to the down-cut direction
of rotation because up-cut rotation
rotavators are not currently in use.
This conceptual formulation was
followed by designing and fabricating an instrumented down-cutting
rotavator able to measure and quan-

tify the input and output parameters.
Based on this block diag ram
(Fig. 1), an experimental deep tilling down-cut rotavator fitted with
L-shaped bladed was designed and
instrumented to measure the stated
input and output parameters. The
tillage process depicted in this block
diagram was treated as a ‘black-box’
and therefore, knowledge of the
internal structure soil-blade interactions were not taken into consideration.
The Instrumented Experimental
Deep Tilling Down-Cut Rotavator
The tiller comprised a tool-frame
carrier, a variable displacement
hydraulic pump, a hydraulic motor,
and seven transducers for measur-

Fig. 2 The fabricated experimental deep tilling rotavator setup
showing the key functional components
1: left link force
transducer (hidden)
2: light lower link force
transducer
3: top link force
transducer;
4: torque load cell;
5: torque arm;
6: magnetic pick-up
(hidden);
7: cable-extension
displacement
potentiometer;
8: integrated optical
speed transducer;
9: hydraulic motor
(partly hidden);
10: double acting
cylinder;
11: swivel wheels
Fig. 3 Schematic diagram of the DAS (C1...C8 –measurement channels)

ing the desired input and output
parameters (Fig. 2). The tiller toolframe carrier was attached to a tractor through the two lower links and
the top link. The tiller was driven by
a constant displacement hydraulic
motor (component 9). The hydraulic
motor was driven by a bi-directional
variable displacement hydraulic
pump (Bosch, Germany), which was
in turn, driven by the tractor PTO
shaft.
Commercially available standard
L-shaped blades were purchased
from a local supplier (component
12, Fig. 2). Fig. 3 shows the detailed
blade, extension arm and flange arrangement for a single blade. The
blades were secured at the lower
ends of 600 mm long steel extension
arms of 80 mm by 30 mm as shown.
The other end of the extension arms
were fixed onto a 16 mm thick circular f lange of 800 mm diameter
fixed to the hydraulic motor.
Data Acquisition System (Das)
The output signals from all the
transducers on the tool-frame carrier were fed to a state-of-the-art
commercial data acquisition system
(DAS). The DAS used was the Spider8 (Hottinger Baldwin Messtechnik, Germany), and its associated
software (CARTMAN EXPRESS
version 3.1 for Windows). A schematic layout of the DAS is shown
in Fig. 5. The DAS comprised eight
(8) input channels. Only the first
seven channels, corresponding to
the number of transducers on the
tool-frame carrier were utilized for
simultaneous measurement of the
parameters required to evaluate
the performance of the rotavator.
Each channel had a separate A/D
converter, with capability for data
recording for1 Hz to 9.6 kHz frequency range. Field experimental
data was recorded at a frequency of
2.4 kHz. This was the frequency at
which the measured data from all
the transducers (Figs. 2 and 4) registered the proper signals.
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Field Experiments
Field experiments were carried
out at a suitable site at the University of Pretoria’s experimental farm
at Hatfield, Pretoria, South Africa.
Figs. 4 and 5, respectively, show the
experimental setup and layout used
for the tillage test trials. Using the
layout shown in Fig. 6, field experiments were conducted to determine
the effect of set tillage depth, forward travel speed, and bite length
for a fixed average soil water content level on torque/ specific energy
requirements and the push /pull

Table 1 Comparison of the percentage increases in depth
and mean torque requirements for a fixed rotavator configuration
and operational conditions; and a fixed soil condition
Tillage depth
Depth, mm

% increase

250
300
450

0
20
80

forces generated. The bite length is
the horizontal distance between any
two successive blades entries into
the ground surface during rotavator
tillage (Fig. 6) and was calculated

Torque requirements
Mean torque
% increase
requirement, Nm
450
0
876
93
3,198
611

as (Sineokov & Panov, 1978):
Lb = (2πVf / zω) or Lb = (2πR / λz).
................................................... (1)
Where: Vf = forward travel velocity
of the tractor (m/s); z = number of

Fig. 4 Setting-up for a tillage test-run [the swivel wheel at the rear end of the rotavator tool-frame carrier was lifted off
the ground during tillage experiments and the depth setting was controlled by the tractor three-point hitch system

Fig. 5 Experimental layout (d1, d 2 … d n –distance covered in respective plots during a test run)
Tractor 1
Plot 1
d1

Plot 2

Plot n

d2

dn

Tractor 2

Travel direction

Fig. 6 Illustrations of the subsequent cutting paths by individual blades within experimental blocks for experimental plots 1 …n
Vf
1 2 3

Blades 1, ..., n

É

n

...
Experimental plot 1

28
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blades one side of the flange, and
ω = rotor speed (rad/s)

Results and Discussion
Effect of Set Tillage Depth at
Constant Kinematic Parameter, Λ
Fig. 7 shows typical variation
in torque requirement curves with
depth for soil processing by a single
blade at different tillage depths.
These curves indicate that rotavator
torque requirements increase with
the tillage depth. In terms of the
rates of increase, it is apparent from
the curves that torque requirements
increase at a rate higher than the
rate of increments in depth. A number of previous researchers (Hendrick & Gill, 1971a; Shibusawa,
1993; Manian & Kathirvel, 2001;
Marenya & du Plessis, 2006) made
similar observations for rotavators
operated within the ‘normal’ set
tillage depth range, i.e., set tillage
depths not exceeding 250 mm.
Table 1 is a summary of the percentage increments in depth and associated mean torque requirements

for the single blade data presented
in Fig. 8. From this data, excessive
torque requirements accompany
relatively small increments in the
depth of tillage. This observation is
consistent to that made by other researchers (Hendrick & Gill, 1971a;
Shibusawa, 1993); and is responsible for the lack of adoption of the
rotavator as an alternative primary
tillage tool (Marenya et al., 2003).
T he causes of the mentioned
excessive energy consumption by
rotavators in deep tillage are many
and varied. However, the above
mentioned studies did not attempt to
address them. The objective of these
studies was simply to compare the
energy demanded or consumed by
different primary tillage tools under
specified conditions. By contrast
this study addressed the causes of
the excessive energy consumption
by the deep-tilling experimental
rotavator by an analyzing the theoretical equations and the rotary motion of the rotavator during tillage.
In this regard, the following two
physical factors are considered to be
responsible for observations made

regarding the effect of tillage depth
on torque requirements: 1) the tilling route length and 2) the volume
of the soil processed by a rotavator
blade for different set tillage depths.
Increasing the set tillage depth
resulted in both increased tilling
route length and volume of soil
processed by a blade. The increase
in torque requirement values with
increasing depth is possibly caused
by the increase in both the tilling
route length and the volume of the
soil chips cut by a blade. As the set
tillage depth is increased, both the
tilling route length and the volume
of the cut soil chips increased at
constant kinematic parameter, λ.
The increase in the volume of cut
soil slice is caused by the increase
in depth since the width of the
blade and the bite length are fixed
at a given level of λ. Increasing the
depth of tillage also decreases the
angle of blade entry into the soil
while increasing the angle at which
the soil processing stops. This
results in increased length of the
tilling route length. For the results
presented in Fig. 7, the increase in

Fig. 7 A graph showing the typical effect of depth on torque requirements for a down-cut tillage test-run
for a given soil condition and fixed kinematic parameter, λ
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the tilling route length is reflected in
the form of the increasing range of
data points over which the values of
torque is substantially greater than
zero for the three different depths of
tillage. The increased tilling route
length means that cutting torque
is required for extended periods of
time, which is reflected by the significantly different torque requirements for the different set depths of
tillage.
Effect of the Bite Length
The different bite lengths, Lb,
were calculated using Eqn. 1 with
three and six blades on the same
side of the flange for two forward
travel gears. The two forward travel
gears resulted in two different forward speeds, Vf. Since the rotavator rotational speed was fixed, the
combination of the two forward
travel speeds and the two sets of the
number of blades, resulted in four
different values for the kinematic
parameter, and hence four different bite lengths. The calculated bite
lengths for the four different values
of the kinematic parameter λ, are
given in Table 3.
Fig. 8 shows the variation of
torque requirements for bite lengths
of 0.323 m and 0.162 m (Table 3),
respectively, with the rotavator traveling at a forward speed of 0.425 m/

Table 2 Calculated bite lengths for different number of blades on the flange, z and
the forward travel speeds, Vf
Combination of number of blades and forward travel speed
1. Forward travel on gear I and 3 blades on the flange
2. Forward travel on gear I and 6 blades on the flange
3. Forward travel on gear II and 3 blades on the flange
4. Forward travel on gear II and 6 blades on the flange

Bite length, cm
32.3
16.2
39.2
19.6

Table 3 Theoretical soil chip volumes processed by the experimental rotavator
for different experimental setups
Tillage depth
(mm)
250
300
350
400
450
500
550

Soil volume processed (m3)
λI = 6.026
λΙΙ = 4.944
6 blades
3 blades
6 blades
3 blades
0.0032
0.0065
0.0039
0.0078
0.0039
0.0078
0.0047
0.0094
0.0045
0.0091
0.0055
0.0109
0.0052
0.0103
0.0062
0.0125
0.0058
0.0116
0.0070
0.0140
0.0065
0.0129
0.0078
0.0156
0.0071
0.0142
0.0086
0.0172

s, and processing the soil at a set
tillage depth of 250 mm. The comparison of the mean torque requirement values for the two different
bite lengths for this set the tillage
depth indicated increasing the bite
length by 0.162 m resulted in more
than 100 % increase in the mean
torque requirement value. The observed effect of changing bite length
on the torque requirement can be
explained by considering the soil
volume processed by single blade
for different levels of the λ and set

tillage depth (Table 3). The soil
volume cut by individual blades was
calculated using Eqn. 2 (Sineokov
& Panov, 1978), based on the cut
soil slice dimensions shown in Fig.
9 (Hendrick & Gill; 1971a).
Vslice = Lb dwb..............................(2)
As is evident in Table 3 increasi ng t he bite leng t h resulted i n
increased average torque requirement values for the same set tillage
depth. The observed increase was
attributed to the increase in dimensions of the cross-sectional area and

Fig. 8 Effect of bite length on torque requirements
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the length of the tilling route (Fig.
8) of the soil slice cut by a blade.
From these observations, changing
the bite length by either reducing
the number of the blades on the
f lange, or increasing the forward
travel speed, while holding the rotor rotational speed constant results
in increased cross-section area and
volume of the soil slice processed
by a blade. The increase in crosssectional area and greater volume of
the processed soil is what translated
to greater torque requirements and
longer time durations during which
a blade processes the soil (Fig. 8).
The above results indicate that
rotavator torque requirement is
sensitive to changes in the bite
length. Therefore, it is necessary
to institute greater control for any
possible changes in the value of λ.
Since under practical conditions, the
number of blades on a flange, depth
of tillage and the rotational speed
of the rotor can be held constant,
the only possibility of changing the
bite length during rotavator tillage
is by operating at a varying forward
travel speed. Consequently, it is
critical that rotavator prime-movers
are operated at a uniform forward
travel speed in order to control both
the torque requirement and the bite
length.
Torque, Power and Specific Energy
Requirements
The specific energy requirements
were expressed in terms of the en-

ergy units per volume of the soil
processed (Eqn. 3). The power due
to the resultant horizontal force was
also determined for each field test
using the standard force-velocity
relationship:
Specific energy = (Energy expanded / Volume of the soil processed per blade) (J/m3).......... (3)
The volumes of soil slices cut by
individual blades for different rotavator operational conditions tested
in this study are presented in Table
3. Table 4 presents a summary of
the results obtained for using the
approach highlighted above. The
calculated parameters for analyzing
the performance of the experimental deep-tilling rotavator included
the average linear power generated
by the resultant horizontal thrust
force, the rotary power required for
processing the soil slice, and the
specific energy requirements at different depths for different tests.
The power performance of the
experimental tiller was determined
by calculating the rotary and linear
power requirements. The specific
rotary tillage energy was calculated
from the rotary power and linear
power by determining the energy
required for 10 complete revolutions
for different conditions and then
dividing this by the total volume
of the soil processed. The results
presented in Table 4 indicated that
increasing both the set tillage depth
and bite length, influences the rotary power requirements and the

Fig. 9 The main dimensions of a soil slice cut by a down-cut rotavator
(Hendrick & Gill, 1971a)

Lb
wb

d
Ltr

Lb = bite length
d = set tillage depth
wb = width of the blade
Ltr = tilling route length

specific energy. In general, change
in bite length has a greater influence
on power requirements and specific
energy than the change in set tillage
depth. These findings are consistent
with those of previous researchers (Salokke & Ramalingam, 2001;
Bukhari et al., 1996; Shibusawa,
1993; Hendrick & Gill, 1971b).
The power performance of the
experimental tiller was determined
by calculating the rotary and linear
power requirements. The specific
rotary tillage energy was calculated
from the rotary power and linear
power by determining the energy
required for 10 complete revolutions
for different conditions and then
dividing this by the total volume
of the soil processed. The results
presented in Table 4 indicated that
increasing both the set tillage depth
and bite length, influences the rotary power requirements and the
specific energy. In general, change
in bite length has a greater influence
on power requirements and specific
energy than the change in set tillage
depth. These findings are consistent
with those of previous researchers (Salokke & Ramalingam, 2001;
Balock et al., 1986; Bukhari et al.,
1996; Shibusawa, 1993; Hendrick &
Gill, 1971b).
The greater influence of changes
in bite length on the specific energy
is attributed to changes in several
factors that lead to the increase in
volume of the cut soil slices. Changes in bite length have significant
effects on the tilling route length,
the maximum soil chip thickness,
and the absolute velocity of the rotor
blade tip. All these three factors individually affect the torque requirement and therefore any changes in
bite length, in combination with any
of them, would significantly impact
the rotavator torque and power requirements. From Table 3, change
in volume of the worked soil, owing
to increase in depth, is relatively
small in comparison to the change
in the worked volume due to bite
length changes. Hence change in
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torque and power requirements owing to changes in depth, in general
are lower than changes due to an
equivalent change in bite length.
T he above analyses suggests
that changing bite length affects a
number of factors with a combined
effect of greater torque and power
requirements when compared to
changes in depth for a fixed level of
the kinematic parameter, λ. Thus, it
is important that the kinematic parameter is maintained constant after
the determination of the set tillage
depth. The above results indicate
that any change in the kinematic pa-

rameters would result in increased
torque and power requirement of
rotavators. However, the findings
indicated that minor changes in
depth, for example due to unevenness of the ground surface can be
tolerated well in rotavator tillage.
It is therefore vital that the ratio of
the forward travel speed to the rotational speed, which determines λ,
is maintained constant throughout a
rotavator tillage operation.

Conclusions
The magnitude and variations of
forward thrust force generated for a
down-cut tillage operation depended
on bite length, set tillage depth, and
the kinematic parameter, λ. Therefore, the rotavator configuration and
operational parameters must be controlled precisely in order to realize
and maintain the desirable resultant
thrust force for a down-cut rotavator.
There exists a unique depth for
each rotavator configuration and
operational condition at which the

Table 4 Summary of average thrust, torque, power requirements, and specific energy requirements
for down-cut deep rotary tillage test-runs (soil water content of 13.97 %)
Rotavator configuration
Power requirements (kW)
Depth
Thrust
Torque
(Travel gear and number of blades
(mm)
(N)
(Nm)
Linear
Rotary
on the flange)
200
- 936
360
- 0.398
0.991
250
- 1409
401
- 0.599
1.104
300
- 1807
581
- 0.768
1.600
350
- 2092
632
- 0.889
1.741
Forward gear I with six (6) blade
on the flange
400
- 2100
870
- 0.892
2.396
450
- 2020
941
- 0.856
2.591
500
- 1798
1130
- 0.764
3.112
550
- 1415
1318
- 0.601
3.629
200
- 1295
604
- 0.667
1.663
250
- 1945
712
- 1.002
1.960
300
- 2497
975
- 1.286
2.685
350
- 2890
1062
- 1.488
2.924
Forward gear II with six (6) blades
on the flange
400
- 2905
1462
- 1.496
4.026
450
- 2783
1581
- 1.433
4.360
500
- 2478
1902
- 1.276
5.235
550
- 1947
2211
- 1.003
6.083
200
- 1736
960
- 0.738
2.643
250
- 1946
1059
- 0.827
2.999
300
- 2010
1512
- 0.854
4.164
350
- 1851
1685
- 0.786
4.640
Forward gear I with three (3) blades
on the flange
400
- 1750
2409
- 0.743
6.634
450
- 1379
2509
- 0.586
6.909
500
- 1050
3031
- 0.446
8.297
550
- 517
3552
- 0.220
9.782
200
-1805
1598
- 0.930
4.397
250
-2040
1820
- 1.051
5.008
300
-1870
2555
- 0.963
7.031
350
-1686
2778
- 0.868
7.645
Forward gear II with three (3) blades
on the flange
400
-1495
3998
- 0.769
11.002
450
-979
4212
- 0.504
11.591
500
-549
5063
- 0.283
13.933
550
210*
6036
0.108
16.611
*
For this setting, a draft force is exerted on Tractor 2
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Specific
energy
(kJm-3)
105.554
117.734
107.604
135.117
127.192
156.978
151.504
166.559
187.109
191.057
217.097
202.073
246.776
236.663
255.056
268.810
327.657
350.664
405.728
387.557
489.528
452.710
488.863
523.555
615.145
642.133
717.486
707.381
880.200
827.959
893.165
965.760
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thrust force generated is greatest.
This depth is influenced by the bite
length, and decreased as the bite
length is increased. Therefore the
realisation and maintenance of the
maximum forward thrust generation, where required, can only be
realized by strictly operating a rotavator at the correct set tillage depth
for a given set of rotavator configuration and operational conditions.
In general, the specific energy
requirements of the rotavator increased with increment in both the
set tillage depth and bite length.
However, bite length had a greater
inf luence on the specific energy
requirements than the set tillage
depth. Therefore, a strict control
over possible changes in the bite
length rather must be integrated in
the design of deep-tilling down-cut
rotavators as a means of controlling
the potential for excessive increments in the energy demand during
operation.
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Abstract
Ventilated corrugated cartons are
the primary types of packaging used
in export shipment of fresh fruit, including apples and pears. The use of
inappropriately ventilated packaging
can result in cooling heterogeneity
and incidence of physiological disorders during cold chain handling
of fresh fruit, and in extreme cases,
mechanical damage of packaging
and fruit. A survey on the types
of ventilated packaging in South
Africa showed that eleven different
corrugated fibreboard carton designs were used in export handling
of pome fruit, with Mk4 and Mk6
cartons accounting for the majority
of those used apple (48 %) and pear
(57 %), respectively. Each package
design type is often used in several
dimensional formats to accommodate different fruit sizes and market
requirements. Overall, the different
carton designs can be classified into
34
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‘Display’ and ‘Telescopic’ packages,
with four stacking configurations
commonly used to palletise the cartons. Total ventilated area (TVA)
per carton varied between 1.92 and
8.81 %., with average of 3.80 and
4.44 % for display and telescopic
designs, respectively. Improper vent
positioning on some packages may
result in non -alignment of ventilation in stacked pallets, which in turn
may alter airf low patterns during
forced-air cooling.

Introduction
Fruit are living entities that deteriorate in quality as they respire
and transpire, leading ultimately
to senescence (Salisbury & Ross,
1992; Brosnan & Sun, 2001). Temperature is the most important factor in moderating fruit deterioration
as it regulates the rates of biological
reaction occurring inside fruit (Nel-

son, 1978; Ravindra & Goswami,
2008). Precooling is, therefore, used
to reduce the temperature and thereby extend storage life of harvested
fruit. Forced air cooling (FAC) is
acknowledged as the most common precooling technique in the
fruit industry to remove excess heat
(De Castro, Vigneault, & Cortez,
2004a; Zou, Opara, & McKibbin,
2006) and is often performed after
fruit packaging (Talbot & Baird,
1990; Ladaniya & Singh, 2000).
Heat transfer between fruit and the
cooling medium (cold air) is largely
facilitated by ventilation holes in the
walls of the stacked cartons, which
allows airflow penetration through
a pallet stack. During FAC, ventilation holes in the packaging should
facilitate a homogenous cooling pattern throughout a stack of cartons by
directing uniform airflow through
the stack. The uniformity of airflow inside the package containing
fruit is significantly affected by the
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size and distribution of ventilation
holes on the carton wall (de Castro
et al., 2004a). Cooling efficiency is,
however, affected by vent position
and size, while the effect of the vent
shape, is significantly influenced by
several factors, such as the width
of opening, position and container
contents (Kader, 2002; Vigneault
& Goyette, 2002). Carton strength
is also significantly affected by the
presence, size and shape of ventilation holes (Singh et al., 2008; Han &
Park, 2007). The addition of ventilation holes should therefore not compromise the mechanical strength of
the carton (Vigneault & Goyette,
2002; De Castro, Vigneault, & Cortez, 2004b; Vigneault & de Castro,
2005).
In order for a ventilated carton
to function at optimum, cartons
should have sufficient mechanical
strength to protect the fruit (Robertson, 2006; Vigneault, Goyette, &
De Castro, 2006), while supplying
sufficient ventilation to maintain
the cold chain. The ventilation
should include holes at both the top
and bottom, depending on design
type (Vigneault & Goyette, 2002;
De Castro et al., 2004b). According to Kader, (2002), a total vent
area (TVA) of 5-6 % for fibreboard
cartons is a good compromise between strength and ventilation area.
However, de Castro et al. (2005)
showed that TVA between 8 and
16 % results in the best air cooling
efficiency. In earlier studies, the
authors showed that TVA < 25 %
significantly restricted airf low in
ventilated containers (Vigneault &
Goyette, 2002) However, such large
open areas on the package could
compromise the structural integrity
of the package, especially paperboard based packaging.
Ventilated cartons are the most
commonly used type of packaging used in the fruit industry. To
meet the wide range of export and
domestic market demands, different design of packaging are used
resulting in geometrical configura-

tions and sizes (Opara & Zou, 2007;
Pathare, Opara, Vigneault, Delele,
& Al-Said, 2012). Despite the availability of numerous designs , it has
been reported that many packaging
types used in the fruit industry are
not effective in promoting fast and
uniform cooling (Ferrua & Singh,
2007). Several authors have recommended that new packaging systems
should be thoroughly evaluated to
optimise ventilation design and ultimately improve cooling (Vigneault
et al., 2006; Vigneault, Thompson,
& Wu, 2009; Thompson, Mejia, &
Singh, 2010; Pathare et al., 2012).
In addition to improving technical
(thermal and mechanical) efficiency
of packaging, rising energy costs
(Sebitosi, 2008) and the need to
reduce packaging and fruit carbon
footprint (Thompson et al., 2010)
have heightened the need to reexamine the role of ventilated package design used in the agricultural
industry. A wide range of ventilated
packaging designs are used in the
global postharvest handling and
distribution of fruit. However, little
is known about the geometric and
ventilation characteristics of existing packages used in the industry
to assist in for mulating f ut u re
designs to meet the technical and
socio-environmental requirements
of packaging. The objective of this
study was, therefore, to quantify
the geometric design characteristics
of ventilated packaging used in the
South African pome fruit (apples
and pears) industry.

survey was performed between January and July 2012 and the Western
Cape Province was chosen at the
study area because it accounts for
over 92 % of apples and pear production in South Africa (PPECB,
2013a).
Each package was exa m i ned
based on three broad geometric
characteristics: a) carton dimensions (length and width); b) ventilation (size and number of holes); and
c) presence of internal packaging
( polyethylene bags ( polyliner),
trays, punnets or thrift bags).
Data Analysis
Data on the usage of different
cartons for fruit export were collected from the Perishable Products
Expor t Control Board (PPECB,
2013b). Each package design was
linked to a local ‘pack code’ which
in turn is linked to a ‘Global Trade
Item Number’ of fruit exports. The
descriptive capabilities of the ‘pack
code’ was found to be limited while
classifying the packages, given
that the same code may be used for
different variations of similar carton designs produced by different
packaging production companies. In
addition, the ‘pack code’ may also
be dissimilar for the same carton
design if one of them contained differing internal packaging. Up to five
samples of each carton design were
examined and measured to verify
the dimensions reported. Due the
lack of differences in geometric
characteristics of each type of carton, standard deviations of the data
are not applicable.

Material and Methods
Survey Methodology
The survey was carried by collecting samples of all available
apple and pear cartons from major
pack houses in two major pome
fruit growing areas (Grabouw and
Ceres) in the Western Cape Province, South Africa, as well as from
the fresh produce section of major
supermarkets in the province. The

Results and Discussion
Packaging Export Statistics
The main types of packaging used
to export apples (Table 1) and pears
(Table 2) from South Africa to
various markets between 2008 and
2012 were obtained from export statistics (PPECB, 2013b). The data is
clearly indicative of a market-driven
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Bushel
Econo-D
Econo-T
Micro-D
Jumble
Mini-mk9
Mini-T
Mk4
Mk6
Mk7
Mk9
Other
Plastic
Total (%)

Bushel
Econo-D
Econo-T
Micro-D
Jumble
Mini-mk9
Mini-T
Mk4
Mk6
Mk7
Mk9
Other
Plastic
Total (%)

0
0
0
0
0
0
280
1,616
1,077,697
103,144
39,715
21,683
0
1.62

America

Africa

56
30,479
15,293
14,947
2,363
1
62
39,823
1,322,479
22,401
144,201
385,864
15
2.58

23,046
450
3,702
0
0
0
0
283,275
11,824
430
72,781
67,924
0
0.42

America

41,662
357,224
107,555
1,129
200,322
3,363
8,019
15,429,298
645,613
7,605
109317
2,533,227
0
17.47

Africa
0
0
216
0
0
0
0
1,972
20
0
2
0
0
0.00

Australia
15,793
341,579
1,219,051
0
4,896
3,641
40,617
19,063,127
2,025,115
285,406
6,567,388
4,239,058
20,306
30.39

C/Europe
556,139
22,186
58,707
0
0
0
8,638
11,055,384
149,666
10,271
193,666
1,508,911
9,378
12.19

F/East &
Asia
42,217
15,752
18,546
140
0
0
0
610,483
22,747
0
996
35,286
0
0.67

Indian
Ocean Island

M/East &
Mediterranean
623
215,224
127,153
115
0
185
52,664
4,226,980
1,198,346
12,428
74,904
1,025,067
0
6.23
1,767
16,151
9,434
0
0
0
0
496,208
81,847
20
206,778
35,351
10,365
0.77

Unknown

0
0
0
0
0
0
0
74
823
11,515
0
30
0
0.02

Atlantic
Ocean Isle
0
0
0
0
0
0
0
0
17,973
0
75
226
0
0.02

Australia
11,486
80,753
402,153
6,530
0
43,857
314,732
372,419
28,639,825
14,989,115
5,144,087
4,087,668
4,745
70.49

C/Europe
4,050
3,284
6,217
0
0
0
1,095
35,083
4,035,054
186,026
25,340
933,648
0
6.81

F/East &
Asia
0
8
2,019
20
0
70
700
1,980
261,231
11,342
84
14,091
0
0.38

Indian
Ocean Island

M/East &
Mediterranean
0
217
1,806
34
63
13,636
0
4,651
2,655,450
197,717
16,861
528540
0
4.45

0
770
12,204
0
0
0
16,585
75,010
1,410,063
434,446
434,096
41,677
975
3.16

Unknown

Russia

1,504
0
0
0
80
3,291
2,023,905
34,475
8,657
220,133
0
2.99

0

Russia

5,643
28,146
0
0
0
46
315,350
402,308
920
24,159
85,689
0
0.77

Table 2 Cartons of pears exported between 2008 and 2012 by carton type and region (PPECB, 2013b)

0
0
0
0
0
0
0
3,077
414
0
0
62
0
0.00

Atlantic
Ocean Isle

Table 1 Cartons of apples exported between 2008 and 2012 by carton type and region (PPECB, 2013b)

480
13,065
34,118
36
0
10,070
4,290
14,142
2,018,872
1,020,520
2,595,403
0
28,392
7.48

United
Kingdom

2,993
66,007
268,021
75
820
52,739
2252
2,163,004
184,527
284,747
16,800,338
14,528,043
241,765
31.08

United
Kingdom

0.02
0.17
0.62
0.03
0.00
0.09
0.44
0.71
56.63
22.16
10.96
8.12
0.04

Total (%)

0.61
0.93
1.65
0.00
0.19
0.05
0.10
48.20
4.24
0.54
21.61
21.61
0.25

Total (%)

package design and deployment
strategy. From a design perspective,
each package type may be used for
both apples and pears; however,
due to practical limitations such as
retail shelf layout and limitation of
package weight and regional market preferences, certain package
types are clearly more favoured for
a certain fruit type. For instance,
the Central Europe (C/Europe) and
United Kingdom regions were responsible for 95 % of the Mk7 and
Mk9 carton exports, while there
was a relatively even distribution for
the rest of the package designs. This
high preference can be explained by
many of the supermarkets in these
areas making use of retail shelves
specifically designed to accommodate the Mk7 and Mk9 (600 × 400
mm).
The two primary telescopic package types are Mk4 and Mk6 cartons,
both designed to facilitate high density packaging of pome fruit. These
two cartons were used for 48 and 4

% of total apple exports, respectively, and < 1 and 57 % of pear exports,
respectively. This significant difference in carton use can be attributed
to the higher density of pears (approx. 1.05 kg/L) compared to apples
(approx. 0.86 kg/L). Although the
Mk4 offers a higher packing density
of fruit, the average mass of packed
fruit is 18 kg of apples and 22 kg of
pears. The large weight of a 22 kg
carton is generally considered high
for human lifting, resulting in more
preference for 12 kg mini-MK6 pear
cartons.
Similar observations were noted
with the two most widely used ‘Display cartons’ (Mk7 and Mk9). The
Mk7 package design, which represents 22 and < 1 % of total pear and
apple export cartons is used primarily with a single tray of fruit. On the
other hand, the Mk9 which has capacity for two trays represented 22
and 11 % of apple and pear carton
exports, respectively. In addition,
the higher height of Mk9 package

allows for convenient packaging of
thrift bags and punnets, and hence
making the package design popular
for handling and marketing of both
apples and pears.
Packaging Formats and Types
The survey identified four stack
configurations as shown in Fig. 1.
These configurations are based on
the standard 1.2 × 1.0 m export pallet and the 1.2 × 0.9 m (Fig. 1c) pallet which is used predominantly in
the local market.
There are several companies in
the Western Cape Province (South
Africa) producing numerous cartons
designs, which is largely a marketdriven process. Overseas and local markets will place an order for
specific type of fruit packed inside
specific package design to meet
the requirements for their handling
systems and marketing logistics, including transportation using freight
containers.
Two major distinct carton de-

Fig. 1 Pallet stacking arrangements showing a) 5, b) 7, c) 8 and d) 10 cartons per layer

Figs. 2 and 3-D outline of a) Display/ (0773-M) and b) Telescopic/ (0200-M/A) carton designs
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10
10

2 or 2+Polyliner,
Loose
1

10
Cartons per a pallet layer

Total carton vent area (%)

Internal packaging
(number of trays plus
other materials)

6.76

8.81
3.79

3.06
3.96
2.81
3.22
2.06
3.19
0.00
0.09

1.99
2.72
6.15
1.92
2.85
3.08
4.24
3.86
2 or 2 +Poly- 2 or 2+Poly- 1 or 1+Poly4 or 4+Polyliner, or
liner or
liner or
6 or 6+Poly4 or 4+Polythrift-bags thrift-bags
lineror
thrift-bags thrift-bags thrift-bags
liner
liner
Thrift bags
or punnets or punnets or punnets
10
5
5
8
8
7
10
7

0.00
0.93

6.21

400
300
142
56,800
5,880
10.35
42,600
2,880
350
300
228
79,625
3,520
4.42
68,250
2,086
500
330
287
143,625
5,448
3.79
94,793
3,758
400
300
220-275
97,200
5,163
5.31
72,900
2,050
500
330
339
169,500
5,073
2.99
111,870
3,598
460
300
238
109,480
3,680
3.36
71,400
1,473
460
300
229
105,340
1,145
1.09
68,700
2,193
600
400
91
54,600
5,599
10.25
36,400
0
600
400
139
83,100
3,721
4.48
55,400
49
400
300
150
60,000
2,094
3.49
45,000
0
400
300
79
31,600
3,214
10.17
23,700
220

0200-M/A
0200-M/A
0200-M/A
0200-M/A
0200-M/A
0200-M/A
0773-M
0773-M
0773-M
0773-M
0432-M

M05D,
M06D
A02C,
B02C, C02C
Pack code (part of GTIN)

International Fibreboard
class code
Length
Dimensions
Breadth
(mm)
Height
Length-wise Total area
Vent area
surface
(mm 2)
Vent area (%)
BreadthTotal area
wise
Vent Area
surface
Vent
area (%)
2
)
(mm

M07T
J11T, J10T
M18T, P15T
M12T
M22T

Mini-T
Jumble
Telescopic
Mark 6
Mark 4
Bushel

Open Display
Mark 9
Mark 7
Econo-D
Econo-T
A06D, B06T,
A12T, A12D,
B06D, C06T, E12D, T12D E12T, T12T
B12D,C12D
C06D
Mini-Mk9
Micro-D
Carton name

Table 3 Generalizeddesigncharacteristicsofappleandpearcartons

signs were identified in the survey,
namely the display (Fig. 2a) and
the Telescopic designs (Fig. 2b).
Telescopic cartons are commonly
used for packaging of fruit in layers or bulk, allowing fruit to be repackaged or placed in a heap at the
point of retail. Display cartons on
the other hand, serve a communication function by allowing the whole
package to be placed directly on
the shelf at the point of retail. The
construction of a fibreboard carton,
irrespective of it size and ventilation can be described according to
‘The International Fibreboard Class
Code’ (IFCC) document, which uses
a simple code to describe the construction design (FEFCO & ESBO,
2007). Under the IFCC fibreboard
box categories the construction of
display cartons follows the ‘Readyglued cases’ category (code 0773-M
design) and ‘Folder-type’ (code
0432-M design). The telescopic
cartons follow the ‘Telescope-type
boxes’ category (code 0200-M/A).
Within the two categories, a total of
twenty carton designs were identified during the survey, and on closer
examination, there were further
classified into eleven distinct types
of carton as shown in Table 3.
The Mark 7 (Mk7) and Mark 9
(Mk9) cartons are very similar in
shape and vent design. However, the
primary difference is that Mk7 is
designed for a single layer of fruit
while Mk9 is designed to hold a
double layer of fruit. The additional
height of the Mk9 carton (39 > 91
mm) allows for the use of internal
packaging, such as thrift bags and
punnets, which make it popular in
the export of both apples and pears,
whereas the Mk7 is almost entirely
used for pear exports.
The Mini-Mk9 and Econo-D cartons are both display carton designs,
which are used primarily on the
local market, although a small number of exports do occur. The MiniMk9 carton is frequently used at
local convenience stores near motorvehicle refuelling stations. Trays are
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regularly used in the Mini-Mk9 to
enable consumer purchase of individual fruit as a ‘snack food’.
The Econo-D and Econo-T have
been designed to accommodate the
different transport requirements of
the local South African market. This
entails the use of thinner corrugated
fibreboard and a different package size to accommodate different
pallet sizes and smaller transport
distances. According to industry
experience, these characteristics reduce the resistance of the palletized
stack to compression damage. However, given the significantly shorter
transport duration and the competitive nature of the local market for
low cost fruit, the reduced strength
of the carton is validated as it might

result in a situation where a minor
decrease in quality is acceptable if
there is a significant reduction in
cost. The Econo-T is the telescopic
version of the Econo-D carton. The
Econo-T design is also used predominantly with thrift-bags of fruit
in the local market.
The Mark 11 (Mk11) and Bushel
package designs are used for high
density packaging of pome fruit,
with two and six trays, respectively,
while the Mk4 and Mk6 designs
hold four trays of fruit. The Mini-T
cartons are telescopic designs used
in conjunction with two trays and
sometimes with a polyliner bag.
The Mini-T is half the height (and
capacity) of the Mk6 carton and is
used for both apple and pear export.

This design offers a larger degree
of physical protection to the fruit
by making use of a larger packageto-fruit ratio of packaging than the
Mk6 and Mk4 cartons.
The jumble carton is a high density bulk packaging used primarily
for apples where fruit are packed
loose inside the carton. The carton
is almost exclusively used for the
transport of lower grade apples in
the local informal market, as well
as for export to other African countries. The reduction in packaging
size reduces the overall packaging
cost. Table 3 shows the geometrical
size and ventilation area of the different types of packaging.

Internal Packages
Several types of internal packaging are used
Fig. 3 D outlines of a) Micro-D, b) Mini-Mark9, c) Mark9, d) Mark 7-D, e) Econo-D,
in the pome fruit indusf) Econo-T, g) Bushel, h) Mark 6, i) Mark 4, j) Jumble and k) Mini-T
try, resulting in multiscale ventilated packaging. Internal packaging
can play both an aesthetic and f u nctional
role in the postharvest
handling of fruit. The
tray was the most commonly observed internal
packaging and is either
produced from polyethylene or pulp paper and
mostly used to hold fruit
inside telescopic cartons
(Holt & Schoorl, 1984).
Polyl i n e r b a g s a r e
also used inside apple
and pear, by packaging
them inside the carton
surrounding the trays
and fruit. Polyliner bags
are used in Telescopic
c a r t o n s a nd D i s pl ay
cartons in combination
with trays. The primary
functions of polyliner
b a g s a r e t o m o d i f ying the moisture, oxygen, carbon dioxide or
volatile gas concentrations surrounding fruit
(Shorter, Scott, Ward, &
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Best, 1992; Geeson, Genge, & Sharples, 1994; Linke & Geyer, 2013).
Polyliner bags also present a physical barrier between the fruit and
pathogens in the surrounding air.
Three predominant film thicknesses
found were 20, 37.5 and 60 µm.
Thrift bags and punnets are also
used i n pome f r uit packagi ng.
These packages allow several fruit
to be placed inside a bag or punnet and then placed into a carton
to facilitate handling and retailing
marketing (Vigneault et al., 2009).
In addition to the above types of inner packaging, shrivel sheets, riffled
paper, sponge sheets, jiffy pads and
bubble pack sheets are often used as
mechanical insulators between fruit
and the carton top wall to prevent
physical damage to fruit from fruitcarton contact. Bubble pack sheets
were the most commonly observed
type used in pome packaging.
The effects of multi-scale packaging on fruit quality and cooling rate
have been reported. For instance,
(Ngcobo, Delele, Opara, Zietsman,
& Meyer, 2012) showed that the
presence of internal packaging (such
as polyliner bags) in multi-scale
packages of table grapes restricted
airflow through the package during
forced air cooling (FAC). The results
showed that polyliner bags contributed to 40 and 83 % of the total
pressure drop of package for microperforated and non-perforated liner
films, respectively. In addition, the
use of bunch carry bags (which are
similar to thrift bags) accounted for
2.43 to 12.58 % of the total pressure
drop.
Ventilation Characteristics
The ventilation characteristics of
the eleven major carton types identified are displayed in Table 3. Mk4,
Mk6, Mk11 and Bushel cartons have
oblong vent holes in accordance
with the recommendation by Han &
Park, (2007). The ventilation configuration of Mini-T, however, follows
the recommendation of (Thompson,
Mitchell, & Kasmire, 2002) that 5
40

AMA46-3Sum07_90.indd

to 6 % side wall ventilation should
be used as a compromise between
mechanical strength and airf low
penetration. The, Econo-T, Econo-D
and Jumble cartons also have mainly oblong vents; however, many side
walls were found to have circular
shape holes, usually with a diameter
of 26 mm. Finally, the Mk7 and
Mk9 cartons, which are relatively
low in depth, have circular holes (26
mm) and/or large cavities along the
top edge of the carton (width). Several slot holes were also present, although during stacking, these would
be obstructed by the corresponding
tabs of the carton below.
Many of the cartons are stacked in
configurations which allow both the
carton length and breadth to align
perpendicular to the direction of
airflow (Fig. 1), highlighting the importance of ensuring that both sides
of the carton are ventilated. Table
3 shows that total carton ventilation
varied considerably between 1.92 %
(Econo-D, open display) and 8.81 %
(Mini-T, telescopic). Mean side wall
(length-wise) ventilation area 5.04
and 5.90 %, respectively, for telescopic and display designs, which is
within the range recommended by
Thompson et al. (2002). The MiniMk9, Mk7 and Mk9 packages have
no ventilation along the breadth
(shortest side of the carton). This resulted in lower mean carton breadth
side vent area of 0.84% for display
cartons compared with telescopic
designs (3.65 %).
Due to the different stacking
configurations, these cartons will
not have complete ventilation alignment in stacking types a, b and d
(Fig. 1) in both directions (length
and width). The lack of ventilation
alignment will result in large pressure drops (Vigneault, Markarian,
& Goyette, 2004) and poor airflow
rates during forced air cooling
(FAC) and therefore contributing
to ineffective precooling of fruit
(Kader, 2002). Computational fluid
dynamic modelling of airflow, heat
and mass transfer inside ventilated

multi-scale packaging of spherical
objects showed the stacking patterns
have considerable influence on airflow patterns and fruit cooling rates
(Delele et al., 2008).
De Castro, Vigneault, & Cortez
(2005b) recommended an open area
of 8-16 % for effective cooling and
Kader (2002) recommended 5-6 %.
None of the commonly used pome
fruit cartons was within the range of
ventilation area recommended by de
Castro et al. (2005a), while only the
Mini-T has ventilation area within
the range recommended by Kader
(2002). It should be noted, however,
that these recommended vent open
areas reported in the literature were
based on experimental analysis of
specific package designs for specific
types of fruit. This makes it difficult
to compare different designs used to
handle different types of fruit in different supply chains. More research
is required in this area, including
the application of recent advances in
computational fluid dynamics and
finite element modelling (Pathare et
al., 2012).

Conclusions
Appropriate ventilated packaging is an essential tool in the process of postharvest management of
fresh horticultural produce such as
fruit. In addition, good temperature
control in the cold chain is vital to
maintain fruit quality and increase
the duration of fruit storage times
in postharvest systems. The survey
of ventilated package geometrical
designs in South Africa showed that
eleven corrugated fibreboard carton
designs are predominantly used in
commercial handling and marketing
of pome fruit. Furthermore, these
carton designs can be packaged with
several types of internal packaging,
including trays, polyethylene liner
bags, thrift bags and punnets.
The different types of package
used to handle apples and pears can
be divided into ‘Display’ and ‘Tele-
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scopic’ designs. Display cartons,
through the use of internal packaging such as thrift bags and punnets,
offer retail ready pre-packaged fruit,
and therefore add additional marketing value to the carton. Telescopic
cartons, on the other hand, offer
high density fruit packaging during shipping; however, they usually
require repacking at the retailer. For
the telescopic carton designs, the
Mk4 made up 48 % of apple cartons
and Mk6 design accounted for 58 %
of pear cartons used in fruit export.
For display cartons, 22 % of apple
and pear export cartons used were
Mk9 and Mk7, respectively. The
ventilation area per carton varied
between 1.92 and 8.81 %., with average of 3.80 and 4.44 % for display
and telescopic designs, respectively.
The practical implications of these
variable vent characteristics on carton cooling and mechanical performance are not well known and no
evidence of a standardised approach
to optimise vent design was found
during the study. More research is
recommended in this area.
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Abstract
T his st udy was conducted to
inspect defects nondestructively
in different parts of agricultural
machinery using the developed DC
four-point probe voltage drop technique. Inspection is carried out by
injecting currents between the outer
probes in the specimen to be tested
and measuring the arising electrical voltage drop between two inner
probes placed on its surface. A DC
four-point probe voltage drop technique was designed and developed
based on locally available materials.
The presence of a defect generally
increases the resistance in current
flow and hence increases the measured voltage drop. Artificial cracks
were made in different samples and
voltage drops were measured to
verify the developed experiment.
Five, ten and fifteen amperes of
current was applied from a DC 12V
battery into three samples: Mild
Steel (MS) flat bar, Stainless Steel
(SS) flat bar and Carbon Steel (CS)
flat bar to represent as materials of
the agricultural machinery parts.
Experimental and calculated voltage
drop values are very close to one
another. This study observed that
the average resistivity of MS f lat
bar, SS flat bar and CS flat bar were

1.33 × 10 -4 Ω-m, 3.91 × 10 -4 Ω-m
and 1.73 × 10 -4 Ω-m, respectively in
crackfree condition. Two simple calculators were also made using C++
programming to calculate voltage
drop and resistivity.
Keywords: Nondestructive Testing (NDT), NDT in Agricultural
Machinery, DC Voltage Drop in
Agricultural Machinery

Introduction
Farm machineries are major elements of farm mechanization in
Bangladesh. Timeliness in farm operations is a crucial factor for successful agricultural operations. The
failure of important parts like PTO/
propeller shaft, spline shaft, tine/
blade etc. of farm machineries espe-

cially tractor and power tiller during
the peak season causes various large
losses of revenue and inefficient
utilization of labor. Examples of
engine failure parts are as shown in
Fig. 1. Therefore, it is necessary to
routine check-up, inspect and diagnose of important parts of agricultural machinery for getting proper
performance and timeliness operation. It is possible to adjust, repair
and/or replace the defective component/parts according to diagnosed
results. Non-destructive testing is
a key inspection criterion across
many fields of engineering. In agricultural machinery sector, reliable
and accurate nondestructive testing
of important parts of agricultural
machineries and integrity assessment are both essential in order to
maximize efficiency and minimize

Fig. 1 Defective Engine Parts
Guide
Fracture Line
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downtime and improve productivity. There is no available technique/
method to nondestructively evaluate/diagnose the important parts of
agricultural machinery in Bangladesh. The four-point probe voltage
drop technique can be considered
one of the best solutions for the
purpose. This technique is simple
in construction and easy to handle
for conducting experiment (Dover
et al., 1991). The Voltage Drop technique is popular for material evaluation because of its advantages over
other techniques, including sensitivity, flexibility, and simplicity of application.
Several different techniques for
electrical NDT have been developed; all of them share the same
physical basis and can be described
by Ohm’s equations. Nevertheless,
each technique has its own range
of application, although most of
them require the tested material to
be a fairly good electrical conductor. In particular, a literature survey
(Bowler et al., 2005 and M. C. Lugg,
1989) showed that techniques such
as Direct Current Voltage Drop and
Alternating Current Voltage Drop,
based on the injection of currents in
the structure to be tested and on the
measurement of the resulting voltage difference between two points
on its surface which can help to
identify some in-homogeneities that
have been encountered in structure
(Hwang et al., 1992; Ditchburn et
al.,1996 and Ahmed et al., 2006).
The main purpose of this study

was to develop a laboratory based
nondestructive testing set up for
evaluating internal defects/cracks in
the important parts of agricultural
machinery. Therefore, a DC fourpoint probe measuring system was
designed, developed and evaluated
to detect internal cracks and defects
of machine parts nondestructively.

Materials and Methods
Design Consideration
From Ohm’s law (V = IR), if constant current provided to the sample
by the current probes, the voltage
will change with the change of resistance of the material. The voltage
of a particular homogeneous metal
will always be the same if there is
no crack or defect. If there is any
defect, the voltage will vary as it
creates a resistance toward the path
of flowing current. The generalized
equations are as follows
ρ = (RA / L) and ∆Φ = (2ρI / π) ×
[S1 / (S12 − S22)]....................... (1)
(Ali et al., 2010)
Where,
ρ = Resistivity, Ω-m
R = Resistance, Ω
A = Area, m 2
L = Length, m
I = Current, A
∆Φ = Voltage Drop, V
П= Constant
S1 = Distance between center to
current probe
S2 = Distance between center to
voltage probe

From Eqn. 1, resistivity of a material should be known to determine
the defect in the material (Hwang
et al., 1992 and Dover et al., 1980,
1986). The values of voltage drop
measured at different location of the
surface of the materials were used
to determine the resistivity using
Eqn. 1.
T he probe used initially was
based on the simplest configuration
for Voltage Drop measurements
(Hwang et al., 1992) as shown in
Figs. 2 (a) and (b) and consisting of
two pairs of probes: one pair is used
to inject current in the specimen to
be tested, while the other measures
accurate voltage drop. Finally, a
calculator was made using C++
programming to calculate the voltage drop. A block diagram of the
experimental setup is shown in Fig.
3.
Selection of Sample and Type of
Materials
The sample and materials were
selected based on availability and
cost of materials. The material used
to make probes should be good conductor and plastic fibers were used
as insulating materials to operate
the whole setup safely.
A simple ammeter and precision
multimeter were used to measure
the current and voltage drop respectively. For precision and easy
calculation, another calculator was
made using Code::Blocks 12.11 with
if-else nestle function in C++ programming language for calculation

Fig. 2 a) Simplified Diagram (b) Circuit Diagram of DC Four-point Probe
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of resistivity using Eqn. 1.
Design of Probe
A SS rod of 3.2 mm diameter
was used as a probe. A compression spring was set between collar
and tail (made of plastic fiber) to
maintain rigid contact of probe with
the surface of test material and to
avoid sparking at the contact point
between probe and sample. Direct
current was used to get a good representation of current as alternating current changes it direction of
flow according to sinusoidal curve.
A 12V Battery was used as power
Fig. 3 Block Diagram of DC
Voltage Drop System

(d)

(e)

source. The construction, design of
probes and arrangement are shown
in Figs. 4 (a)-(h).
Study Area and Investigation of
Internal Crack
The study was conducted at the
Electrical Engineering Lab, Department of Farm Power and Machinery,
Bangladesh Agricultural University
(BAU), Mymensingh. The tests
were conducted on Mild Steel (MS)
Bar, Stainless Steel (SS) Bar, Carbon Steel (CS) Bar to represent as
the materials tine, crankshaft, PTO/
propeller shaft, spline shaft etc. of

agricultural machines. For verifying
the developed technique to detect
the crack, artificial cracks were
made in different depths by power
saw or hacksaw as shown in Fig. 5
(a). The arrangement of four-probes
on cracked sample is shown in Fig.
5 (b).
Experimental Design for Mild
Steel Flat Bar
Two pieces of MS flat bar of 180
mm × 25 mm ×4 mm were taken.
Firstly the voltage drop was measured in crack-free specimen. One
of them were cut by hacksaw and

Fig. 4 (a) Collar (b) Tail (c) Spring (d) Nuts (e) Probe (f) Assembly Drawing of a
complete probe (g) 2D View (h) Pictorial View of Probe
(c)
(a)
(b)

(f)

(g)

(h)
Nut
Collar
Spring
Tail
Probe

All dimensions are in mm

***

Fig. 5 (a) Artificial Crack by Power Saw (b) Arrangement of four probes on cracked sample

a
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another one was twisted with the
help of vice and hammer as shown
in Fig. 6. After that the voltage
drop was also measured on cracked
sample and compared.
Experimental Design for Stainless
Steel Flat Bar
A piece of SS flat bar of 180 mm
× 25 mm × 6 mm was taken. At first
voltage drop was measured in crackfree condition. Then it was cut by
power saw at three different depths
(1 mm, 2 mm and 3 mm) as shown
in Fig. 7. Finally voltage drops were
measured as for the MS flat bar.

Experimental Design for Carbon
Steel Flat Bar
A piece of CS flat bar of 180 mm
× 37.5 mm × 4 mm was taken for
conducting experiment. First of all
the voltage drop was measured in
crack-free condition. Then it was
cut by power saw in two different
depths (1 mm and 2 mm) shown in
Fig. 8.
Test Sample Collection, Arrangement and Analysis
Test sample with internal crack
was collected from different agricultural machinery workshops. The

probes were set on the test samples
rigidly. Data were analyzed according to the mathematical equations.
Five, Ten and Fifteen amperes of
current were used on the specimens
for a small period of time (5 to 10
sec) at four spacings: 152.50 and
50 mm, 177.50 and 50 mm, 152.50
and 25 mm, 125.00 and 25 mm. If
the flow of current continues for a
long time, heat will be generated on
rheostat and there is a possibility
to damage some parts of the set up.
It has been shown that by simply
repeating a measurement by multimeter thus it was possible to further

Fig. 6 MS Flat Bar (a) Schematic Diagram of Crack free Sample (b) Schematic Diagram of Single Cracked Sample (c)
Pictorial View of Crack free Sample (d) Pictorial View of Single Cracked Sample (e) Pictorial View of Twisted Sample
(b)
(a)

(c)

(e)

(d)

Fig. 7 SS Flat Bar (a) Schematic Diagram of Crack free Sample (b) Schematic Diagram of Cracked Sample (c) Pictorial View of
Crack Free Sample (d) Pictorial View of Single Cracked Sample
(a)
(b)

(c)

(d)

Fig. 8 CS Flat Bar (a) Schematic Diagram of Crack free Sample (b) Schematic Diagram of Cracked Sample (c) Pictorial View of
Crack free Sample (d) Pictorial View of Single Cracked Sample
(b)
(a)

(c)

Fig. 9 (a) 2D View (b) Pictorial View of Experimental setup
(b)

(a)
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Table 1 Resistivity for MS Flat Bar in Crack free Condition
Spacing
Sub-Average
Average Resistivity,
Resistivity, ρ (Ω-m)
Resistivity, ρ (Ω-m)
ρ (Ω-m)
S1 (mm)
S2 (mm)
152.50
25
1.70×10-4
125.00
25
1.31 × 10 -4
1.5975 × 10 -4
177.50
50
1.82 × 10 -4
152.50
50
1.56 × 10 -4
152.50
25
1.13 × 10 -4
125.00
25
1.03 × 10 -4
1.2325 × 10 -4
1.33 × 10 -4
177.50
50
1.54 × 10 -4
152.50
50
1.23 × 10 -4
152.50
25
1.13 × 10 -4
125.00
25
1.13 × 10 -4
1.1725 × 10 -4
177.50
50
1.39 × 10 -4
152.50
50
1.04 × 10 -4

Current (A)

5

10

15

improve the quality of the data.

Results and Discussion
Development of DC Four-Point
Probe
The probes were being set within
a wooden frame to avoid spark-

Measurement of Voltage Drop
Measurements were taken on the
experimental samples. The probes
were positioned in the central area
with no defect condition, then the
single and double/ twisting cracks
were done on the sample and the
voltage drops were measured as
shown in Figs. 10-18.

ing and any conduction other than
sample as shown in Fig. 9a. This
frame was kept in a stand and here
also compressive springs were used
to set the arrangement rigidly on the
experimental sample. The developed
experimental set up is shown in Fig.
9b.

Fig. 10 Comparison of Voltage Drop on different conditions of MS Flat Bar
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Voltage Drop on Mild Steel Flat Bar
Comparison of voltage drop and
effect of probe spacing in case of
different conditions of MS flat bar
shown in Figs. 10-12.
The Resistivity for MS flat bar in
different probe spacing and current
in crack-free specimen is given in
Table 1.
For same sample, different current
and probe spacing were considered
for determining the resistivity of
the sample. The values of resistivity
in Table 1 are very close to one another. So the average value of ρ may
be considered as resistivity of MS
flat bar and Fig. 12 shows resistivity
with variation in different amount
of currents.
Figs. 10-11 indicate that the voltage drop increases with increasing
of corresponding current. These Figures also show that the voltage drop
of crack-free material is less than
both of cracked and twisted sam-

ples. Crack increases resistance on
the flow of current in material. So,
both the resistance and voltage drop
become higher in cracked specimen
than crack-free. On the other hand,
twisted material increases more
resistance through the material due
to several hair line cracks generated
in the twisted part, therefore, it is
higher than cracked one. The calculated value of voltage drop for the
probe spacing 152.50 and 25 mm is
less than that of 125.00 and 25mm.
Similarly calculated value of voltage
drop for 177.50 and 50 mm spacing
is less than 152.50 and 50 mm spacing. Fig. 12 shows, the calculated
resistivity for MS flat bar in different amount of current are very close
to one another.

different conditions of SS flat bar
are also shown in Fig. 13.
Fig. 14 also indicates the similar
result as mentioned in Fig. 11 and
the resistivity of different spacing
and currents are shown in Table 2
and finally represented in Fig. 15.

Voltage Drop on Stainless Steel
Flat Bar
Comparison of voltage drop and
effect of probe spacing in case of

Voltage Drop on Carbon Steel
Flat Bar
The same probe spacings were
also being kept and measured re-

Figs. 13-14 show 3 mm crack
generated larger voltage drop than
that of 1 mm and 2 mm crack as
it creates more resistance toward
the current f low path. The effect
of spacing of probe is same as discussed for MS flat bar for different
amount of current. The resistivity in
different amount of current on SS
flat bar in crack-free condition are
very closer to one another as shown
in Fig. 15.

Fig. 11 Effect of Probe Spacing on Voltage Drop for Different Conditions of MS Flat Bar
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Fig. 12 Resistivity in Different amount of Current
on MS Flat Bar
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Fig. 13 Comparison of Voltage Drop on Different Conditions of SS Flat Bar
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Fig. 14 Effect of Probe Spacing on Voltage Drop for Different Conditions of SS Flat Bar
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Fig. 15 Resistivity in Different Amount of Current
on SS Flat Bar
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Table 2 Resistivity for SS Flat Bar in Crack free Condition
Spacing
Resistivity,
Sub-Average
Average Resistivity,
ρ (Ω-m)
Resistivity, ρ (Ω-m)
ρ (Ω-m)
S1 (mm)
S2 (mm)
152.50
25
5.11 × 10 -4
125.00
25
3.58 × 10 -4
5.0025 × 10 -4
177.50
50
5.83 × 10 -4
152.50
50
4.95 × 10 -4
152.50
25
3.55 × 10 -4
125.00
25
2.54 × 10 -4
3.4550 × 10 -4
3.9150 × 10 -4
177.50
50
4.28 × 10 -4
152.50
50
3.45 × 10 -4
152.50
25
3.41 × 10 -4
125.00
25
2.57 × 10 -4
3.2875 × 10 -4
177.50
50
4.00 × 10 -4
152.50
50
3.17 × 10 -4

Current (A)

5

10

15

sults are shown in Fig. 16. It also
provides similar results as described
in previous section. The effect of
probe spacings on voltage drop of
CS f lat bar are presented in Fig.
17 and the resistivity of crack-free
samples are given in Table 3.
The average value of resistivity
for particular amount of current is

shown in Table 3 and Fig. 18. The
variation of resistivity from average
value is also shown in Fig. 18. This
variation is very small and it can be
negligible.
The effects of voltage drop on
different amount of current and
spacing for CS flat bar are same as
previously discussed for MS and SS

f lat bar shown in Figs. 16-17. On
the other hand, Fig. 18 indicates the
resistivity in different amount of
current on CS flat bar.
Figs. 10-18, all experimental results show the same nature as calculated. The resistivity of the materials varies slightly for different conditions. Resistivity become slightly

Fig. 16 Comparison of Voltage Drop on Different Conditions of CS flat bar
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Table 3 Resistivity Table for CS Flat Bar in Crack free Condition
Spacing
Resistivity,
Sub-Average
Average Resistivity,
ρ (Ω-m)
Resistivity, ρ (Ω-m)
ρ (Ω-m)
S1 (mm)
S2 (mm)
152.50
25
2.27 × 10 -4
125.00
25
1.69 × 10 -4
2.1475 × 10 -4
177.50
50
2.55 × 10 -4
152.50
50
2.08 × 10 -4
152.50
25
1.56 × 10 -4
125.00
25
1.13 × 10 -4
1.5450 × 10 -4
1.7375 × 10 -4
177.50
50
2.00 × 10 -4
152.50
50
1.49 × 10 -4
152.50
25
1.42 × 10 -4
125.00
25
1.50 × 10 -4
1.5200 × 10 -4
177.50
50
1.82 × 10 -4
152.50
50
1.34 × 10 -4

larger when small amount of current
is being flown into the material. The
resistivity depends on the material
composition and properties.
The test results indicate that size
of even the simplest defects may
not be straight forward and that a
few issues need to be addressed
before trying to evaluate defects. In

particular, if the length of a defect
is finite, currents can flow not only
below the defect, but also around its
extremities. In case of single crack
the voltage drop is smaller than
twisted one.
Four-point probe technique was
developed for acquisition of Voltage
Drop data. The results of experi-

mental measurements of resistivity
are very close to one another for
different conditions. It indicates that
the developed technique is suitable
for such kind of experiment.
Computer Based Calculation Process
For precision results, Two cal-

Fig. 17 Effect of Probe Spacing for Different Conditions of CS Flat Bar
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culation procedures were developed based on the Eqn. 1 using
code::blocks 12.11 (C++ programming language): One for voltage
drop calculation and another one
for resistivity measurement. The
GUIs (Graphical User Interface) are
shown in Figs. 19a and b.

Conclusions
A low-current experimental setup
for Voltage Drop measurements was
developed to determine cracks in
the machine parts. Variation of voltage drop on the same sample before
and after cracks indicates the presence of defects of the material by a
simple, non-iterative formula. The
developed technique is capable to
detect any inhomogeneity (defects)
and to determine resistivity. Finally,
a simple computer based calculator
was made to find out the resistivity
and voltage drop according to the
formula.
Acknowledgements
The financial assistant provided
by Ministry of Education, The People’s Republic of Bangladesh (Project No. 2013/155/MoE) is gratefully
acknowledged. The Department of
Farm Power and Machinery, Bangladesh Agricultural University,
Mymensingh is also acknowledged
for providing opportunity to carry
out this project.

REFERENCES
Ahmed, S. R. and M. Saka. 2006.

Nondestructive Measurement of
the Respose of Rear-Wall Flaws
in Thick-Walled Structures Using
DC Four-Point-Probes Technique.
Asia-Pacific Conference on NDT.
Ali, M. R., M. Saka, and H. Tohmyoh. 2010. Checking Surface
Contamination and Determination
of Electrical Resistivity of Oxide
Scale Deposited on Low Carbon
Steel by DC Potential Drop Method. The Japanese Society for NonDestructive Inspection: Materials
Transactions, 51(8): 1414-1419.
Bowler, N. and Y. Huang. 2005.
Model-Based Characterization
of Homogeneous Metal Plates by
Four-Point Alternating Current
Potential Drop Measurements.
IEEE Transactions on Magnetics,
41(6): 2102-2110.
Ditchburn, R. J., S. K. Burke, and
C. M. Scala. 1996. NDT of Welds:
State of the Art. NDT&E International, 29(2): 111-117.
Dover, W. D., F. D. W. Charlesworth, K. A. Taylor, R. Collins,
and D. H. Michael. 1980. AC Field
Measurement Theory and Practice. In C. J. Beevers, editor, The
Measurement of Crack Length
and Shape During Fracture and
Fatigue, pages 222-260. Engineering Materials Advisory Service,
Warley, UK.
Dover, W. D., R. Collins, and D. H.
Michael. 1986. The Use of ACField Measurements for Crack
Detection and Sizing in Air and
Underwater. Philosophical Transactions of the Royal Society of
London A: Mathematical Physical and Engineering Sciences,
320:271-283.

Dover, W. D., R. Collins, and D. H.
Michael. 1991. Review of Developments in ACPD and ACFM.
British Journal of NDT, 33(3):121127.
Hwang, I. S. and R. G. Ballinger.
1992. A Multi-Frequency AC
Potential Drop Technique for the
Detection of Small Cracks. Measurement Science and Technology,
3: 62-74.
Lugg, M. C. 1989. Data Interpretation in ACPD Crack Inspection.
NDT International, 22(3): 149154.
■■

Fig. 19 GUI for calculation (a) Voltage Drop (b) Resistivity

52

AMA46-3Sum07_90.indd

AGRICULTURAL MECHANIZATION IN ASIA, AFRICA, AND LATIN AMERICA 2015 VOL.46 NO.3

46

2015/07/17

11:34:18

Parametric Standardization of Catalyst Removal
from Transesterified Palm Oil Through Wash Water
by

S. K. Chaudhary

T. K. Bhattacharya

Department of Farm Power & Renewable Energy,
College of Agricultural Engineering,
Rajendra Agricultural University,
Pusa- 848 125 Bihar, INDIA
skchoudhary37049@gmail.com

Dean,
College of Agricultural Engineering,
Jawaharlal Nehru Krishi Vishwa Vidyalaya,
Jabalpur 482 004 M.P.
INDIA

V. B. Shambhu
Sr. Scientist,
National Institute of Research on Jute
& Allied Fibres 12, Regent Park,
Kolkata -700 040
West Bengal, INDIA
vbs9605@gmail.com

Abstract
The study related to the removal
of catalyst from transesterified palm
oil through wash water was carried
out with wash water temperature of
50 ºC and normal water, which was
at around 28 ± 2 ºC temperature.
Standardized parametric conditions
for maximum catalyst removal were
determined through full factorial
statistical design of the experiment.
The parameters like wash water to
biodiesel ratio, retention period of
wash water with biodiesel and wash
water temperature was found to be
significantly affected the removal of
catalyst. It was further observed that
maximum amount of catalyst (0.631
g/L of solution) was removed, when
water to biodiesel ratio was kept at
3:1, retention period of wash water
with biodiesel as 30 min and wash
water temperature as 28 ± 2 ºC.

Introduction
Worldwide energy crisis, reduc-

ing fossil fuel reserves and concern
about environment act as a driving
force behind the search of alternative fuel. In India, the country’s diesel requirements in 2011-12 could be
more than 66 million tones, one and
a half times higher than in 2001-02.
The Energy and Resource Institute
(TERI) estimated that India’s diesel
need would cross 100 million tones
by 2020 and 200 million tones by
2030. Vehicular population of India
is estimated to have increased eight
times over the last two decades.
This source alone is estimated to
contribute about 70 % to the total
air pollution, With 243.3 MT of carbon released from the consumption
and combustion of fossil fuels in
1999, India ranked fifth in the world
behind the U.S., China, Russia and
Japan. India’s contribution to world
carbon emissions is expected to
increase in the coming years due to
the rapid urbanization.
In India with abundance of forest resources, there are number of
non-edible tree borne oil seeds with
an estimated annual production of

more than 20 million tones, which
have great potential for making
biodiesel to supplement other conventional sources. Among these,
Karanja (Pongamia glabra) and Jatropha (Jatropha curcas) have been
successfully proved for their potential as biodiesel. Mahua (Madhuca
indica) is one such non edible tree
based seed oil, which has an estimated annual production potential
of 181 thousand metric tonnes in
India (Kaul et al., 2003).
Biodiesel is produced through a
chemical reaction known as transesterification. Transesterification is
defined as the chemical process of
reacting vegetable oil, a triglyceride, with an alcohol in the presence
of a catalyst to produce glycerol and
fatty acid ester. Most of the work
throughout the world on the transesterification of vegetable oil has
been carried out with the methanol,
which is toxic, poisonous in nature
and obtained from the nonrenewable source of energy. It has several advantages compared to other
alcohols like being not expansive,
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prevents soap formation, reactivity
is high and also methanol recovery
comparatively is easier, as it does
not form azeotrope. Most biodiesel
production process use excess methanol to get high yield. This excess
methanol is distributed between
final product alkyl ester (Biodiesel)
and glycerol. Conventional biodiesel
production technology uses wash
water to remove excess amount of
methanol and catalyst from the final
product biodiesel. As the washing
of glycerol and alkaline catalyst
from ester, water is to be added
and for the large scale production
of biodiesel, discharge of this large
quantity of washed water will create a problem. Present study was
therefore conducted to establish an
optimized parametric conditions at
which maximum amount of catalyst
was removed from the biodiesel.

Materials and Methods
The materials used in the experiment were procured from local market. The experiments were carried
out in the Bioenergy Technology
Laboratory of the Department of
Farm Machinery and Power Engineering, Govind Ballabh Pant University of Agriculture & Technology
(Pantnagar), India.
Catalyst Removal from Biodiesel
The transesterification of palm oil
for biodiesel production was carried
out using KOH as catalyst having
1 % concentration. In this experiment, biodiesel prepared was placed
in a separating funnel for 24h for
separation of glycerol and biodiesel. Since, removal of catalyst from
biodiesel requires that it be washed
using water, therefore, after separating glycerol, the ester (biodiesel)
was washed with water. The washing of biodiesel not only reduces the
catalyst concentration but also removes methanol and traces of soap,
if any present in the biodiesel. The
Table 1 shows the variables selected
54
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for removal of catalyst from biodiesel. The washing of biodiesel using
wash water at 50 ºC was suggested
by Karoasmanoglu et al. (1996) to
obtain high purity of biodiesel and
therefore, this wash water temperature level was selected. Also wash
water temperature of 28 ± 2 ºC was
selected as this is being the normal
temperature of tap water. Agarwal
et al. (2001) suggested water to oil
ratio of 8 : 1 for removal of catalyst
and other impurities, whereas Benargee et al. (2005) has suggested it
to be 5 : 1. Taking these two studies
into consideration, water to oil ratio
of 3 : 1 was also considered for the
experiment to establish the optimum level. The removal of catalyst
from biodiesel is also affected by
the period, to which water and oil
remain in contact, and Benargee
et al. (2005) suggested a period of
45 min. and therefore the retention
period of 15, 30 and 45 min. were
selected for the study.
Design of Experiments:
A full factorial statistical design
having three factors viz. wash water to oil ratio, retention period and
wash water temperature with three
levels of first two factors and two
levels of third factor were considered for this study. A total 54 number of experiments were carried out
to determine the removal of residual
catalyst from biodiesel. The results
of the experiments were statistically
analyzed to know the significance
of each parameter as well as their
interaction.
Determination of Catalyst Concentration in Wash Water
Catalyst concentration in the wash
water (tap water) was determined by
titration method. For the determination of residual catalyst concentra-

tion in washed water, 100 ml of
wash water sample was titrated at
each design run against 0.1 N HCL
using methyl orange as an indicator. Methyl orange gives a sharp
colour change from straw yellow to
pink at the end point. The amount of
catalyst removal from biodiesel was
calculated using Eqns. 1 and 2.
Normality of washed water = (Normality of HCL × Volume of HCL)
/ ml of sample taken for estimation.......................................... (1)
Catalyst Removed (g/L) = Normality of wash water × Equivalent weight of catalyst (g/L)...(2)

Results and Discussion
The water/oil ratio, retention period and temperature of wash water
were taken as independent variables
to st udy catalyst removal f rom
biodiesel and a factorial design was
adopted for the experiment.
Determination of Catalyst Concentration in Washed Water
The Transesterification of palm oil
was carried out using KOH as catalyst having 1 % concentration. After
transesterification, some amount of
catalyst remains in biodiesel. The
biodiesel is, therefore, required to
be washed to remove catalyst to
maximum possible extent as presence of catalyst may cause damage
to engine parts. Further, disposal
of biodiesel wash water containing
catalyst also poses environmental
concern. In view of above, to assess
removal of catalyst from biodiesel
was conducted.
The observation on catalyst concentration in wash water after the
biodiesel was washed with different
water to biodiesel ratio is shown in
Table 2. It is evident from these re-

Table 1 Variables and their levels selected for washing of Biodiesel
Parameters
Wash Water - Oil Ratio
Retention Periods of oil in wash water, min.
Water Temperature of wash water, ºC

3:1
15
28 ± 2

Levels
5:1
30

8:1
45
50
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Table 2 Catalyst Concentration in Wash Water
Water :
Biodiesel
Ratio
3 : 1 (W1)
5 : 1 (W2)
8 : 1 (W3)

was found more when the biodiesel
was retained in wash water for 30
min compared to 15 or 45 min retention time. Normally, at the initial
level due to agitation, the kinetic energy causes dissociation of hydroxyl
ion in a catalyst, which increases
solubility of a solute (catalyst) in a
solution. But after certain period
the hydroxyl ion unites and reduces
solubility. Hence, lesser catalyst
concentration at 45 min retention
time might be due to above phenomenon. The observation on effect of
wash water temperature on catalyst
concentration does not indicate any
appreciable difference in catalyst
removal from biodiesel as catalyst
concentration in wash water for all
observations are very close to each
other except for 30 min retention
time. Whereas, for 3 : 1 and 5 : 1
water to biodiesel ratio the difference is 23 and 19 % respectively
for wash water temperature of 28 ±
2 and 50 ºC. Thus based on above
observation it can be said that washing of biodiesel with wash water
temperature of 28 ± 2 ºC may save
energy as no heating of water is re-

Catalyst, Conecentration in Wash
Water (g/L)

Fig. 1 Effect of water to biodiesel ratio on catalyst
concentration in wash water at different retention period
and wash water temperature of 28 ± 2 ºC
Retention
Period

Water to Biodiesel Ratio

Average Catalyst Concentration in Wash water, g/L
Retention Time of Wash water, min
15 min
30 min
45 min
Wash Water Temperature, ºC
28 ± 2
50
28 ± 2
50
28 ± 2
50
0.441
0.439
0.631
0.486
0.544
0.546
0.427
0.409
0.566
0.458
0.494
0.511
0.419
0.419
0.447
0.484
0.593
0.431

quired.
The statistical analysis to assess effect of selected parameters
on catalyst concentration in wash
water is presented in Table 2. It is
evident from the data that all the
three selected parameters viz. water
to biodiesel ratio, retention time of
biodiesel in wash water and wash
water temperature has significant
effect on removal of catalyst from
biodiesel. The study therefore, indicate that higher removal of catalyst
from biodiesel is possible, if it is
washed by water to biodiesel ratio
of 3 : 1 using wash water at 28 ± 2
ºC temperature and if biodiesel is
retained with wash water for 30 min
duration.

Conclusions
The present study indicated that
higher removal of catalyst from
biodiesel was obtained when biodiesel was washed with water to biodiesel ratio of 3 : 1 at retention period
of wash water for 30 min and wash
water temperature at 28 ± 2 ºC. The

Fig. 2 Effect of water to biodiesel ratio on catalyst
concentration in wash water at different retention period and
wash water temperature of 50 ºC
Catalyst, Conecentration in Wash
Water (g/L)

sults that average KOH concentration in wash water was 0.441, 0.427,
0.419 g/L and 0.631, 0.566, 0.477 g/
L and 0.544, 0.494, 0.593 g/L when
biodiesel was washed using wash
water having temperature of 28 ± 2
0C and retention time of 15, 30 and
45 min at water to biodiesel ratio 3 :
1, 5 : 1 and 8 : 1 respectively.
The washing of biodiesel using
wash water having 50 ºC temperature resulted in catalyst concentration of 0.439, 0.409, 0.419 g/L and
0.486, 0.458, 0.484 g/L and 0.546,
0.511, 0.431 g/L in wash water for
retention time of 15, 30 and 45 min
at water to biodiesel ratio of 3 : 1, 5
: 1 and 8 : 1 respectively.
The relationship between water
to biodiesel ratio and catalyst concentration in wash water at different
retention period of biodiesel with
wash water using wash water having 28 ± 2 ºC and 50 ºC temperatures are shown in Fig. 1 and Fig.
2. It is evident from the Figures that
the more removal of catalyst from
biodiesel has occurred when biodiesel was washed using water to biodiesel ratio of 3 : 1 as compared to
other selected ratios as the catalyst
concentration in wash water was
observed higher. This can be attributed to the fact that for the condition
of uniform agitation of 10 min in all
the three cases, a better mixing of
biodiesel with water has occurred
at 3 : 1 ratio due to less amount of
water present in the mixture.
The Figures also reveal that concentration of catalyst in wash water

Retention
Period

Water to Biodiesel Ratio
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removal of catalyst at the rate of
0.63 g/L was observed at above condition.
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Study on Fuel Characteristics of diesel, washed biodiesel, biodiesel containing methanol and biodiesel from which
methanol has been recovered were carried out to asses their compatibility with petro diesel. Biodiesel was prepared using palm oil of 0.81% FFA. Performance of a 3.73 kW CI engine was assessed on diesel as well as on different types of
selected palm methyl esters. It was found that both treated and untreated biodiesel when used as engine fuel developed
similar power as that by diesel. The fuel consumption of the engine was slightly higher on untreated biodiesel due to
presence of 8.1 to 11.6 % methanol in it. The brake thermal efficiency of the engine was lower on untreated biodiesel in
comparison to treated biodiesel but higher than that of diesel.
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Abstract
Rapid urbanization has led to
dumping of kitchen wastes causing
a serious threat to the environment.
A kitchen waste is undertaken in
this study due to its majority in
municipal wastes and the disposal
process of it is costly. Two types
of vermireactors (with and without
trays) at three different areal loadings running under three different
evaporative cooling vermicomposters (passive, direct active and indirect active) were operated for seven
weeks experimentation period. The
substrate moisture content and its
temperature were monitored regularly and the vermireactors were
evaluated weekly for the assessment of temporal changes of earthworms. Transformation of kitchen
wastes into valuable added product,
through vermicomposting process,
by using Earthworms (Eisenia foetida) that were introduced at the
initial stocking density of 26.45 ±
1.77 mg/cm 3 (1.85 ± 0.12 kg/m 2).
The experiment revealed that direct
evaporative cooling vermicomposter
reaches the optimum ambient condition; relative humidity of 70-80 %
and air temperatures of 20-27 ºC. So
both vermireactors have the highest
vermicast production of 0.28-0.36
g-cast/g-worm/day, but the vermireactor with trays and areal loading of

743.7 cm 2/kg of feed was dramatically higher than the output in the
corresponding vermireactors without trays. Vermicomposting results
had significant differences between
all treatments (P < 0.05).
Keywords: vermicomposting process, earthworms, kitchen wastes,
vermireactor.

Introduction
Vermicomposting is the result
of combined activity by microorganisms and earthworms (Singh
et al., 2011) and does not involve a
thermophilic stage (Dominguez,
2004) in contrast to composting.
Composting and vermicomposting are ecologically and economi-

PEVR
DEVR
IEVR
PEVRT
PEVRWT
DEVRT
DEVRWT
IEVRT
IEVRWT
T
WT
Tr
Re

cally sustainable technologies and
have been widely used (Sinha et
al., 2010). Composting involves the
accelerated degradation of organic
matter by microorganisms under
controlled conditions, in which the
organic material undergoes a characteristic thermophilic stage that
allows sanitization of the waste by
the elimination of pathogenic microorganisms (Lung et al., 2001).
However, composting requires long
duration and frequent turning of
the material which results in loss of
nutrients during the prolonged process (Eghball et al., 1997). The high
temperatures (> 60 ºC) associated
with the process are also known
to inhibit decomposition (Bardos
and Lopez-Real, 1991). Vermicomposting involves bio-oxidation and

Nomenclature
Passive evaporative cooling vermicomposter
Direct active evaporative cooling vermicomposter
Indirect active evaporative cooling vermicomposter
Passive evaporative cooling vermireactors with trays
Passive evaporative cooling vermireactors without trays
Direct active evaporative cooling vermireactors with trays
Direct active evaporative cooling vermireactors without trays
indirect active evaporative cooling vermireactors with trays
indirect active evaporative cooling vermireactors without trays
With trays
Without trays
Tray
Vermireactor
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stabilization of organic material
by the joint action of earthworms
and mesophilic microorganisms
under aerobic conditions. During
vermicomposting, earthworms turn,
ingest, grind and digest organic
waste with the help of microflora in
their gut, converting it into a much
finer, humidified microbiologically
active material (Maboeta and van
Rensburg, 2003). However, pathogen removal is not ensured since
the temperature is always in the
mesophilic range, although some
studies have provided evidence of
suppression of pathogens (Eastman
et al., 2001; Monroy et al., 2008;
Yadav et al., 2010). Earthworms
modify microbial biomass and activity through stimulation, digestion
and dispersion in casts, there by
affecting microbial decomposition
process (Aira et al., 2007; GomezBrandon et al., 2011). The vermicast
obtained at the end of the process is
rich in plant nutrients and is free of
pathogenic organisms (Singh et al.,
2011). Several earthworm species
are suitable for the kitchen wastes
treatment, with Eisenia andrei and
Eisenia foetida being the most
commonly used (K hwairakpam
and Bhargava, 2009). The action
of earthworms breaking down the
substrate accelerates the rate of decomposition. Vermicomposting on
the home scale could be an alternative when space restrictions are a
concern. Vermicomposting involves
the stabilization of organic solid
wastes through consumption by
earthworms that convert the waste
into earthworm castings (vermicasts). There is a growing interest
in vermicomposting research, i.e.
testing new wastes, new earthworm
species, and evaluation of vermicompost in recent past (Yadav and
Garg, 2011). The products of vermicomposting are of high agronomic
values. Therefore, this technology
has been promoted as potential
process to recover nutrients from
solid organic wastes. Earlier studies indicate the suitability of earth58
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worm in decomposition of biomass
of kitchen waste (Wani and Mamta,
2013), (Hanc and Pliva, 2013), (Nair
et al., 2006), (Tripathi and Bhardwaj, 2004) and (Sinha et al., 2002).
It is clear that weed biomass can be
utilized potentially in vermicomposting operation. The disposal and
meaningful utilization of kitchen
wastes is an issue of major concern
for municipal solid waste for its
transporting costs and the collection location choice. Composting or
vermicomposting can be used as efficient technology to convert kitchen
wastes into valuable products for
soil applications. In terms of nutrient availability and biological, the
products of vermicomposting are
better than traditional composting operation (Suthar, 2010). As
compared to thermal composting,
vermicomposting often produces a
product with a lower mass, lower
processing time, humus content,
phyto-toxicity is less likely, more
N is released and fertilizer value is
usually greater. Moreover, during
vermicomposting of organic waste,
the interactions between epigeic
earthworms and the detrital microbial community lead to decreases in
the abundance of some potentially
pathogenic microorganisms, especially coliforms (Monroy et al.,
2009). Singh et al. (2011) presented
a detailed review on the integration
of the vermicomposting process in a
municipal solid waste management
system and highlighted its main
benefits. These authors emphasize
that vermicomposting is odorless,
cost effective, produces a product
with better nutrient availability than
traditional composting, leads to the
destruction of pathogenic microorganisms, and results in low greenhouse gas emissions. Although
Hait and Tare (2011) stated that the
vermicompost production rate depends on the environmental conditions, stocking densities and type of
earthworm species apart from the
characteristics of waste. Navarro et
al. (2009); Ndegwa and Thompson

(2000) cultured earthworms Eisenia
foetida with stocking density of 1.6
kg-worm/m 2 for bio-solids treatments. Meanwhile, Hait and Tare
(2011) revealed that the favorable
stocking density is in the range of
2.0-4.0 kg/m 2 with the optimum being at 3.0 kg/m 2 as far as the feed
(waste) processing is concerned.
Jain et al. (2003); Hait and Tare
(2011) reported that the vermicast
production varied 0.20-0.29 g-cast/
g-worm/day with E. foetida during
the vermicomposting of municipal
solid waste in modified vermireactor bins. Gajalakshmi et al. (2001c)
reported a cast production rate of
0.20-0.21 g-cast/g-worm/day in low
rate digesters fed on mixture of paper and cow dung employing earthworm species Eudrilus eugeniae.
A cast production rate of 0.23-0.35
g-cast/g-worm/ day with an average
value of 0.30 g-cast/g-worm/day has
been reported during vermicomposting of source-separated human
feces employing E. foetida (Yadav
et al., 2010). Limit scientific studies of the vermicomposting process
on the home scale, as an alternative
to traditional waste-management
systems in all cities from collecting,
transporting and disposing. So taking into consideration environmental conditions, such as air temperature and relative humidity; the using
of the technique of evaporative
cooling for vermireactors ambient
conditioning and product quality,
had not been undertaken to date.
Home and vermicomposting have
been proposed as alternative treatments when discussing sustainable
food waste-management options
(Barnes and Jerman, 2002; Lundie
and Peters, 2005).
The objective of this investigation
was to evaluate the vermicomposting process under passive, direct
and indirect active evaporative cooling vermicomposters with different
areal loadings and two different
vermireactors as an alternative technique for homely disposal of kitchen
wastes in terms of the amount of
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Fig. 1 Passive evaporative cooling vermicomposter

waste that can be diver ted
from kitchen and evaluating
the quality of the end product.

Materials and Methods
Experimental Setup
Evaporative cooling vermicomposters and pads installation
Three different evaporative
cooling systems were employed in the present investigation. Two different systems of
direct and indirect active evaporative cooling were termed
Fig. 2 Indirect active evaporative cooling vermicomposter
as forced vermicomposters
(DEVR & IVER) and the third
one is called passive evaporative cooling (multi-columns)
ve r m ic o m p o s t e r ( PE V R),
Figs. 1, 2 & 3. To accomplish
Two rows of vermireactor
the group of experiments, the
three configurations of vermicomposters were constructed
each with its special evaporaIndirect evaporative
cooling pad
tive cooling pad. The direct
evaporative cooling vermicomposter (DEVR) consists of
Quonset wooden greenhouse
of 1.5 m height × 1 m width
× 2 m long. Two lateral openings were used for direct pads
installation of 0.7 m width ×
Direct evaporative cooling pad
0.5 m height. Air suction fan
Fig. 3 Direct active evaporative cooling vermicomposter
of 300 W was used for air discharging from greenhouse inside with
airflow rate of 1.88 m3/s, therefore,
the air was forced to pass through
the direct pads carrying moisture
used for inside cooling, Fig. 3. The
indirect evaporative cooling vermicomposter (IEVR) has a greenhouse
with the same dimensions of the
own DEVR, there is no air fan installed at top such DEVR but only
one exhaust opening for air entering
by two fans of 200 W each used for
indirect evaporative cooling pad,
Fig. 2. The pad of IEVR system
consists of two parts. The first one
is used for air humidification and its
function such as the pads of DEVR.
However, the second one is used as
VOL.46 NO.3 2015 AGRICULTURAL MECHANIZATION IN ASIA, AFRICA, AND LATIN AMERICA
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Table 1 Experimental design of each evaporative cooling vermicomposter
Manufacture form
With five trays
With five trays
With five trays
Without trays
Without trays
Without trays

Tray depth & Filling
depth, respectively,
cm
9&7
9&7
9&7
50 & 35
50 & 35
50 & 35

perpendicular heat exchanger, obtaining chilled air without moisture.
The pads of DEVR and IEVR are
stand at the opening of air entering
or stand separately as columns in
PEVR. The total pad volume was
of 0.35 m3 (0.7 × 0.5 × 0.5 m) and it
was identical for the three pad configurations under study. Meanwhile,
for the multi-columns pad, its total
volume was divided into twenty
nine equal columns of 0.012 m 3
(radius of 0.062 m and 1 m height).
The rice straw was used as a pad
material for all evaporative cooling
vermicomposters. The density of
pad material was kept constant at
about 32 kg/m 3 in accordance with
Hellickson and walker, 1983 for all
pads. It was determined by knowing pad volume multiplying it by
its density of 32 kg rice straw. Rice
straw was uniformly distributed
between two wires net. Water flow
rate of pad was of about 0.259 m3/h

Applied filling
compression, Pa

Filling intensity, kg Areal loading, cm 2/
kg of feed
of feed

0
392.4
784.8
0
392.4
784.4

and it was kept constant at this value
for all pads. It was selected in accordance with Wiersma and Benham,
1974. Pad material manufacturing
and constructing was in accordance
with Basiouny and Abdallah, 2013.
The system of supplying water to
the vertical pad was fulfilled by using a perforated pipe, which was
positioned above the pad through
its longitudinal axis. The system
of supplying water to the pad was
constructed from water tank and a
small pump attached with the tank
for the purpose of pumping water
to the pad. The water flow rate was
controlled by a hand valve.
Vermireactors Construction and
their Filling Methods
Two types of vermireactors (with
trays and without trays) were investigated, Fig. 4. For experimental
studying, thirty six vermireactors
were used, consisted of three groups

Fig. 4 Vermireactors (a) without trays and (b) with trays
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0.950/Tr
1.500/Tr
1.667/Tr
3.333/Re
4.457/Re
5.267/Re

743.70
471.00
423.80
211.97
158.51
134.14

Initial stocking
density, worms
number
190/Tr
190/Tr
190/Tr
950/Re
950/Re
950/Re

of six vermireactors for three different evaporative cooling vermicomposters (Passive, direct active
and indirect active) are indicated in
Table 1 with their replicates. The
vermireactor without trays consists
of cylindrical shell of galvanic steel
with pierced lid for aeration with
two principal chambers; one metal
mesh (5 mm pore size) separates
between them; the first one only
has one space for vermicomposting
process with 0.45 m height and the
beneath chamber with 0.05 m height
is used for leachate collection (0.3
m diameter and 0.05 m in depth),
The vermibed is placed over the
plastic mesh in 35 cm depth. The
other vermireactor with trays has
the same dimensions of the above
but the vermicomposting chamber
is divided into multi spaces by five
trays with 0.09 m in depth and 0.3
m in diameter and let 0.02 m as a
void. The reactors were operated
in a pseudo-discretized continuous
mode, standardized and extensively
reported earlier by the authors (Gajalakshmi et al., 2001 a,b, 2002,
2005 a,b; Gajalakshmi and Abbasi,
2003, 2004 a,b). In this mode, the
reactor contents were removed
once every seven days, to assess
vermicast production, cocoon and
hatchling formation, mortality, etc.
The ‘parent’ worms were picked up,
counted to check if there was any
mortality, were washed and blotted
dry for weighing, and then immediately put back in the reactors which
were restar ted with fresh feed.
Three different densities of kitchen
waste were studied and obtained by
different filling compression forces.
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The first vermireactor was used
as a control, loose filling (without
compression). However, the other
two vermireactors were pressed at
392.4 Pa (0.004 kgf/cm 2) and 784.8
Pa (0.008 kgf/cm 2) that equivalent
different areal loadings. Concerning
the vermireactors without trays, the
filling compression forces were applied once on the upper surface of
the whole vermireactor waste content.

Experimental Procedure
Preparation of Vermibeds
T he k itchen bio -wastes were
composed of leftovers of fruit and
vegetables, this material was obtained from a kitchen in Baltim
city, Kafr Elsheikh governorate,
Egypt during spring season of the
year 2014. Additionally, a small
amount of cooked pasta, rice and
bread was added up to 33 % of the
total kitchen bio-waste. Kitchen
bio-wastes were dried in solar drier
achieving approximately moisture

content of 60 % wet basis, chopped
and sieved (< 2 mm). The air-dried
kitchen bio-waste was amended
with wheat straw by one part of
wheat straw to two parts of kitchen
bio-wastes for vermibed producing.
All beddings were kept in plastic
containers (100 cm × 100 cm × 90
cm) for three weeks prior to experimentation for thermal stabilization,
initiation of microbial degradation
and softening of waste (Nair et al.,
2006). To prevent desiccation, appropriate moisture (65 % wet basis)
was maintained during this duration
by periodically sprinkling of an adequate quantity of water. The waste
mixture in different beddings was
turned over periodically (after three
days) for aeration and to remove
odor from decomposing wastes.
After initial thermal stabilization
of composting beds, the composted
material was used to fill each vermireactor for further vermicomposting
experimentations. Bulking material
selection and beddings preparation
was set in accordance with Suthar
(2009). To start the experiment, the

Fig. 5 Simplified schematic of a water-side active evaporative cooling unit
Exhausted air used directly for vermicomposter
cooling or used for indirect evaporative cooling heat
and mass exchanger

Watted pad
Primary range
temperature (K)

Circuit pump

Primary
temperature

Adiabatic saturation
temperature of ambient
or wet bulb temperature
Pump sump

earthworms species E. foetida (Savigny) were obtained from a stock
culture reared in Central Laboratory
of Agricultural Climate (CLAC),
Agricultural Research Center, Ministry of Agriculture, Dokki, Giza,
Egypt, and were mixed with humidified vermibed. A significant increase in the number and size of the
earthworms was observed. Leachate
was collected on a weekly basis.
The active evaporative cooling
unit (Fig. 5) includes two main
elements, the water spray nozzles
with orif ice dimension 0.3 mm
(TANONG PR ECISION TECHNOLOGY CO., LTD., TAIWAN) or
a simple tray tube type distributor,
and the packing material. The spray
nozzles were selected to generate
a conical pattern of fine mist. The
nozzles were arranged in a square
or triangular pitch with proper spacing that provided complete wetting
of the packing surface. Proper operation of the spray nozzles requires
sufficient amounts of water and
delivery pressure. The simple tray
tube type distributor has a perforated base through which a continuous
stream of fine water droplets flows
over the top surface of the packing
material. The wetting efficiency of
the top surface of the packing material for the simple tray tube distributor may not be as efficient as the
water spray nozzles. However, operation of this system did not require
a certain feed water pressure and its
construction and maintenance are
much simpler than the spray nozzle
system.
Evaporative Cooling System
Direct active evaporative cooling
systems decrease air temperatures
by moisture carrying from the pads,
but indirect active evaporative cooling systems can lower air temperature without adding moisture into
the air, making them the more attractive option over the direct ones.
In the indirect active evaporative
cooling system, the primary (product) air passes over the dry side of a
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Fig. 6 Evaporative cooling heat and mass exchanger (b, d). Working principle of both indirect and direct evaporaive cooling,
respectively (a, c). Psychrometric illustraition of the air treatment process in both indirect and evaporative cooling heat
and mass exchanger, respectively

Fig. 7 Experimental weather conditions during April & May 2014
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plate, and the secondary (working)
air passes over the opposite wet
side. The wet side air absorbs heat
from the dry side air with aid of water evaporation on the wet surface
of the plate and thus cools the dry
side air; while the latent heat of the
vaporized water is transmitted into
the working air in the wet side, Fig.
6.

Finished Vermicompost Analyses
Chemical and mineral analyses for representative samples of
finished vermicompost were carried out according to the standard
procedures of the official methods
(AOAC, 1980). All of those analyses were conducted in the Animal
Production Research Laboratories
(APRL), Sakha, Kafr Elsheikh governorate, Egypt.

Fig. 8 Cooling potential and relative humidity of the vermicomposters

Results and Discussion
Weather Conditions during Measurement Period
Fig. 7 shows the average of weather conditions each week of relative
humidity, dry bulb temperature and
wet bulb temperature during the
experiment. Daily total horizontal
solar radiation was nearly similar
during the experiment, its maximum value ranged from 861.26 and
879.81 W/m 2 at 12:00 PM. Relative
humidity has its maximum value of
65.6 % at 6:00 PM and temperature
of 30.3 ºC and its minimum value
of 36.9 % at 1:00 PM. Wet-bulb
depression measured the difference
between the dry-bulb and the wetbulb temperature which determines
the humidity level.
Cooling Potential and Relative
Humidity of the Vermicomposters
Temperature reduction was determined to describe the cooling
potential of the investigated vermicomposters, Fig. 8. The average
variation of cooling potential and
relative humidity throughout a week
as affected by daytime is depicted in
Fig. 8. The direct evaporative cool-
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Table 2 Indirect active evaporative cooling vermicomposter
Total biomass, g
Initial
Final
141.8/Tr
312.4/Tr
138.5/Tr
285.3/Tr
132.2/Tr
243.4/Tr
645.8/Re
1126.7/Re
632.5/Re
1007.6/Re
583.3/Re
663.1/Re

Stocking density, mg biomass cm-1 Mean earthworm
Cocoon,
Growth rate, mg
earthworm-1 Week-1
biomass change, %
day-1 worm-1
Initial
Final
20.98 ± 2.47
2.0 ± 0.42
28.67
63.16
120.3
18.48 ± 2.63
1.3 ± 0.26
28.00
57.69
106.0
13.75 ± 2.16
0.68 ± 0.12
26.74
49.23
84.12
11.42 ± 2.47
0.5 ± 0.07
26.12
45.56
74.50
9.44 ± 1.97
0.73 ± 0.09
25.58
40.75
59.30
2.01 ± 0.42
0.2 ± 0.08
23.59
26.82
13.68
Table 3 Direct active evaporative cooling vermicomposter

Total biomass, g
Initial
Final
145.0/Tr
331.6/ Tr
142.0/ Tr
309.8/ Tr
135.1/ Tr
261.7/ Tr
662.2/Re
1215.6/ Re
645.6/ Re
1099.3/ Re
586.1/ Re
682.7/ Re

Stocking density, mg biomass cm-1 Mean earthworm
Cocoon,
Growth rate, mg
-1
-1
-1
-1
earthworm Week
biomass change, %
day worm
Initial
Final
23.37 ± 2.50
2.21 ± 0.27
29.34
67.05
128.53
21.03 ± 2.60
1.43 ± 0.17
28.71
62.64
118.18
15.86 ± 2.22
0.74 ± 0.12
27.32
52.91
93.67
13.87 ± 2.38
0.53 ± 0.08
26.8
49.16
83.43
11.37 ± 1.77
0.77 ± 0.06
26.11
44.46
70.28
2.42 ± 0.44
0.24 ± 0.05
23.70
27.61
16.50
Table 4 Passive evaporative cooling vermicomposter

Total biomass, g
Initial
Final
138.5/ Tr
285.6/ Tr
135/ Tr
260.8/ Tr
129.3/Tr
221.4/ Tr
629.4/ Re
985.7/ Re
619.4/ Re
915.9/ Re
580.5/ Re
643.5/ Re

Stocking density, mg biomass cm-1 Mean earthworm
Cocoon,
Growth rate, mg
-1
-1
-1
-1
earthworm Week
biomass change, %
day worm
Initial
Final
18.43 ± 1.95
1.58 ± 0.37
28.01
57.75
106.18
15.77 ± 2.03
1.04 ± 0.23
27.29
52.74
93.26
11.54 ± 2.13
0.56 ± 0.11
26.15
44.78
71.24
8.93 ± 2.35
0.43 ± 0.06
25.45
39.86
56.62
7.43 ± 1.92
0.64 ± 0.08
25.05
37.04
47.86
1.58 ± 0.47
0.12 ± 0.07
23.48
26.03
10.86

ing vermicomposter has the highest
values of temperature reduction and
relative humidity if compared with
the two other vermicomposters. As
well as, the highest values of cooling potential were noticed in the
period of 12:00 PM to 4:00 PM.
Relative humidity values of direct
evaporative cooling vermicomposter
fluctuated between 70 and 80 % recommended by Hait and Tare (2011);
only this range can be obtained by
DEVR.
Earthworm Growth Rate
E. fetida showed excellent patterns of biomass gain and cocoon
productions in all vermireactors
during the vermicomposting process. There was a significant difference among vermireactors for maximum individual biomass (P < 0.01)
and total biomass gain (P < 0.01).
64
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The maximum individual growth
rate (23.37 ± 2.50 mg worm−1 day−1)
was achieved by DEVR. Ear thwo r m s s howe d m a x i mu m a n d
minimum individual biomass 1.75
g and 0.611 g, respectively. The
trends of mass gains in individual
earthworms are indicated in Tables
2, 3 & 4. Data clearly suggested that
earthworm biomass gain was the
highest in vermireactors with trays
with the lowest filling intensity of
0.95 kg of feed/tray and the highest
areal loading of 743.70 cm 2/kg due
to the highest porosity achieved in
this treatment thta introduced the
sufficient aeration for earthworms.
The vermireactors of DEVR showed
rapid earthworm biomass change of
128.53 %, while in other vermireactors the earthworm biomass change
was slightly low.
The vermicomposter type, ver-

mireactor configuration and filling
intensity showed statistically significant (p < 0.01) effect on earthworm
total biomass. Fig. 9 shows that areal loading of 743.7 cm 2/kg feed has
the highest trend of total biomass
increasing from 708.99 to 1561.9 g,
from 725.41 to 1657.87g and from
692.56 to 1427.92 g of IEVR, DEVR
and PEVR, respectively.
The effects of vermireactor configuration and stocking densities on
the offspring production are presented in Tables 1, 2 and 3. It has
been shown that earthworm reproduction and copulation frequency
are greatly influenced by the temperature and moisture level (Hand,
1988). The population density also
influences the earthworm reproduction. The copulation frequency is
high at low population densities
especially at the first four weeks and
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it decreases notably when density
approaches the carrying capacity
of the system. It was observed in
the present study that the offspring
production was high at lower densities and decreased with increasing
density. The cocoon production was
in the range of 0.10-2.50 number/
worm.

Vermicast Production
In all the vermireactors, the earthworms grew well, increasing their
mass by more than 128.53 %. This
trend, which followed the efficiency
of vermicast production, was also
shown in terms of reproductive ability as measured by the number of
offspring produced. Total mass of

cast was estimated and daily cast
production rate per worm was calculated based on the weekly cast production. The vermireactors clearly
manifest the trend of increasing output with increasing surface: volume
ratio. The statistical significance of
these differences was determined by
Student’s t-test (Sharma, 2003). The

Fig. 9 Total biomass of earthworm of the IVER, DEVR and PEVR during the experimental duration
for the two types of vermireactors
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analysis revealed that the output of
the vermireactors with trays with
surface area of 743.70 cm 2 /kg of
feed was higher than the output of
the vermireactors without trays with

surface area of 211.97 cm 2 /kg of
feed (the two vermireactors have the
same amount of feed) at 99 % confidence level (P < 0.01). The vermicast production as a percent of feed

was increased rapidly in the direct
evaporative cooling vermireactors
with trays (DEVRT) from 34.30 to
87.80 %, from 23.52 to 55.83 % and
from 18.40 to 38.00 % at areal load-

FIg. 10 Vermicast generated as percent of feed under different areal loading,
three different evaporative cooling vermicomposters and two different vermireactors
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ings of 743.7, 471.0 and 423.8 cm 2/
kg of feed, respectively. In turn, the
output of the vermireactors with areal loading of 471.0 cm 2/kg of feed
was higher than the output of the

reactor with areal loading of 423.8
cm 2/kg of feed, also at 99 % confidence level, Fig. 10. In terms of areal loading, greater the surface area
per unit mass of the feed, higher is

the vermicast output (Figs. 10 and
11). The earthworm mortality accompanying each run and the average change in each run was consistently low indicating that the worms

FIg. 11 Vermicast produced for each gram of earthworm per day under different areal loadings,
three different evaporative cooling vermicomposters and two different vermireactors
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fed voraciously (Gajalakshmi et al.,
2002, 2005 a, b; Gajalakshmi and
Abbasi, 2003, 2004a). In DEVR
vermicast produced by each gram
of worm increased until the fourth
week, from this moment it droped
dramatically due to E. fetida showed
individual mean mass increase up
to 1.315 g/each worm, generating
some competition on nutrition simultaneously with the increment of
microbial populations; thereafter, a
trend of stabilization was observed
until the end. In all vermireactors
of passive evaporative cooling vermicomposters, i.e., PEVRT and PEVRWT at different areal loadings,

E. fetida exhibited slow biomass
increase by the end of experimentation. The difference could be attributed to lower cooling potential
of the passive evaporative cooling
vermicomposter as well as relative
humidity, Fig. 9. Suthar (2008a,b)
suggested that the growth pattern
in composting earthworm depends
on microbial populations and nutrient pool. Cast production rate is an
important aspect for vermicomposting evaluation. The cast production
rate was found varying in the range
of 0.12-0.40 g-cast/g-worm/ day as
illustrated in Fig. 11. The maximum
vermicompost production rate was

Fig. 12 Characterization of the final products, compost quality standards
is also reported for reference

Table 5 Characterization of the final products,
compost quality standards is also reported for reference
Compost quality
standards
Moisture (% wb)
50.3
30-40
Organic matter (% db)
75
> 35
pH (extract 1 : 5 w : v)
8.97
6.5-8
1.72
≤6
Electrical conductivity (extract 1:5 w:v) (mS cm-1)
N-Kjeldahl (% db)
1.66
≥2
0.43
0.5-1.5
Dynamic Respiration Index (mg O2 g-1 OM h-1)
Escherichia coli (CFU/g)
< 10
< 10
Zn
220
200-1000
Cu
100
70-400
Ni
37
25-100
Cr
180
70-300
Pb
50.5
45-200
Cd
2
0.7-3
wb: wet basis; db: dry basis; w: weight; v: volume; OM: organic matter
Properties
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Vermicast

observed in experimental vermireactors with trays of DEVR and areal
loading of 743.7 cm 2 /kg of feed
(0.40 g-cast/g-worm/day), at the
fourth week, whereas vermireactors
without trays and areal loading of
158.5 cm 2/kg of feed (0.138 g-cast/
g-worm/day) showed the minimum
cast production rate at the f irst
week. The three vermicomposters
and vermireactor type as well as
areal loading had significant (P <
0.05) effects on the cast production
rate. The cast production rate in the
present study is in good agreement
with the results reported by (Jain et
al. 2003; Hait and Tare 2011; Gajalakshmi et al. 2001c and Yadav et
al., 2010). It has been also observed
that the net cast production (g-cast /
g-worm/day) at DEVRT and IEVRT
was nearly constant except during
the first week for adaptation as compared to other vermireactors and
thereby indicating that the cast production per each worm reached its
maximum production with stocking
densities up to 57 mg/cm3 (3.99 kg/
m2) and suddenly droped in the fifth
week of DEVRT and sixth week of
IEVR, but the other vermireactors
the individual growth rate was notably slow and did not reach stocking
densities over 4.0 kg/m 2. This can
be explained by the fact that overcrowding of worms had undesirable
effects on vermicomposting process
even under favorable environmental
conditions (Dominguez and Edwards, 1997). In the context of the
present study, it can be inferred that
the favorable environmental conditions are in direct evaporative cooling vermicomposter with optimum
being at vermireactors with trays
and areal loading of 743.7 cm 2/kg of
feed (i.e. temperature: 20-27 ºC and
RH: 70-80 %), whereas the favorable stocking density is in the range
of 2.0-4.0 kg/m 2 with the optimum
being at 3.0 kg/m 2 as far as the feed
(waste) processing is concerned.
It is observed that the evaporative
cooling vermicomposter type play
an important role on feed’s moisture
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content. To study this option one
plate let aerobically exposed inside
each vermicomposter type. Fig.
12 shows the effect of each vermicomposter type on feed’s moisture
content, and the direct one DEVR
has the highest control on feed’s
moisture content.
Vermicompost Properties Analysis
Table 5 presents the characteristics of the final products obtained
and the compost quality standards
for composts produced industrially (Lleó et al., 2013). There are
no standard values for products
obtained at home, which are expected to be used in the producers’ own gardens. The properties
of the vermicast were found to be
within the compost quality limits,
except for moisture content, which
exceeded the proposed values. This
exceedance of moisture content is
inherent to the process when the
process is conducted on a small
scale in a closed bin. The aeration
of the bin is minimal and no heat
is generated during the process,
making moisture removal difficult
and sometimes undesirable for the
earthworms. The vermireactor valve
used for leachate removal was left
in the open position to facilitate air
circulation through the decomposing material. The final product was
sanitary tested negative for Salmonella and Escherichia coli under the
limits outlined in legislation.

Conclusions
Three different evaporative cooling vermicomposters were evaluated
as ambient conditioning for kitchen
bio-waste conversion by earthworms
with two configurations of vermireactors. The optimum treatment
obtained with areal loading of 743.7
cm 2/kg of feed (filling intensity of
0.95 kg/tray) with vermireactor with
trays with initial stocking density
of 23mg/cm3 (190worms/tray) up to
57 mg/cm 3. Direct active evapora-

tive cooling vermicomposter has the
highest ability for earthworm ambient conditioning; relative humidity
can be maintained in the range from
70-80 % and air temperatures from
20 to 27 ºC, that was found favorable for ambient earthworm. The
engineering treatments produced
the highest growth rate of E. fetida
in direct active evaporative cooling
vermicomposter by the vermireactor
with trays of 23.37 ± 2.50mg/cm 3.
Vermicast production as percent of
feed increased from 31.18 to 87.8 %
from 1st week to the 7th week, respectively. Vermicast production per
each gram worm per day was in the
range of 0.12-0.40g-cast/g-worm/
day depending on the state of earthworms stocking densities which
presented the appropriate chance
for each worm for feeding up to 57
mg/cm 3 (3.99kg/m 2). A good quality vermicompost product has been
obtained from evaporative cooling
vermicomposter on a small scale
which was analyzed and compared
with compost quality standards.
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Abstract
The growing need for poultry
products by consumers has urged
the necessity for small and medium
scale poultry farmers to meet up the
demand since they supply the bulk
need of the market especially in the
developing countries. There exist
the need to produce birds that will
meet the market standards within
the shortest time without straining
the farmer’s time, resources and
energy. This project was undertaken
in an effort to provide a labour/
time saving mechanically operated
automatic feeder that will optimize
feeding of birds in family poultry
and small/medium scale poultry
farms. The density, moisture content, angle of repose and the coefficient of friction between the feeds
and the bin material of the feeder
were used in the design analysis.
The model feeder which could feed
twenty five (25) adult poultry birds
for one week was constructed using
sheet metal, wood, and spring as
construction materials. The feeder
trough and hopper are of 20 gauge
metal sheet. In operation, the trough
held 5 kg of feeds thus pulling the
stopper to block the hopper for
the introduction of the feed. The
feeder set up dispensed its content
to twenty five (25) adult layers for a
period of one week. From the feeder
evaluation using Roman Brown layers, the consumption efficiency was
70 % per week. The feeding convenience for the twenty five (25) birds
72
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(layers) of average weight of 1.53
kg was about 80 % with permissible
wastage of 30 %. Cost of production
is N14,000:00 ($86:00).
Key Words: Design; Construction;
Testing; Family; Poultry; Feeder.

Introduction
Over the last 20 years, due largely
to genetic selection but partially to
improvements in nutrition, there
has been a substantial decrease in
the time it takes to grow a broiler
to market weight. Much of this improvement is attributed to increased
food intake (Mack, et al, 2005). The
invention of improved mechanical
feeding system led to a dramatic
reduction in stress due to the elimination of manual feed sorting and
relocation of birds by weight, more
efficient feeding, less disturbance
by staff, the elimination of meal
replacement due to better weight
control monitoring and increased
productivity due to less handling.
All of these factors contribute to
the realisation of the birds’ genetic
capabilities. According to Francis
(2001), there is also an increased efficiency for the producer as no time
is required to correct uneven bird
weights and staff will have more
time to devote to animal husbandry.
The term “Family Poultry” refers to any genetic stock of poultry
(unimproved or improved) raised
intensively, semi-intensively or
extensively in relatively small num-

bers (Geoffrey, 1973; Day, 1983;
Luciano, 2005).
Most of the 826 million people
still suffering from malnutrition and
approximately 1,200 million people
living on less than one US $ per day
are to be found in developing countries, especially in the arid zones
of Africa and Asia (UNDP, 2007).
Family poultry (FP) represent an appropriate system for supplying the
fast growing human population with
high quality protein and providing
additional income to resource-poor
small farmers, especially women,
although requiring low levels of
inputs (i.e. housings, cages, feeds,
breeds, vaccines, drugs, equipment
and time/attention). Family poultry
contributes significantly to food
security and poverty alleviation.
Moreover, Family poultry constitute
an important component of the agricultural and household economy
in the developing world, a contribution that goes beyond direct food
production as well as job and income generation for small farmers.
(Guèye, 2002)
Poultry Feeders for Developing
Countries
Before the development of the
automatic feeder technology, people
were used to the conventional method of feeding chickens which is by
filling containers with grains and
foods manually. The main problem
encountered by using this method
is, the need to continuously provide
the food, be alert and conscious of
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the food remaining in cages by the
breeders. The sufficient amount
of the food provided also cannot
be deter mined clearly. There is
much waste and is non-economical.
Breeders also find that it is difficult
to manage their business effectively
because they need to be around the
cages every now and then to monitor the poultry. There are various
designs of feeding equipment which
vary from country to country as
stated by Nesheim et al. (1979). Irrespective of the method of design,
the guiding principles in feeder design is that it must be easy to fill and
clean; built to avoid waste; arranged
such that fowls cannot roost on
them; and constructed with durable
materials in such a manner that so
long as they contain feed at all, the
fowl will be able to reach it with
good feeding space (Nesheim et al.,
1979).
For about sixty-five years ago, almost all poultry feed was distributed by hand to birds mainly in square
bottom troughs, wooden or metal
feeders. Later mechanical and automatic feed systems were invented
and they help to modify the feeding
system, save labour and increase
production. Nowadays, the automatic feeding system is available
in the market. This method is actually better than manual. But, there
are also some problems and weaknesses that need to be overcome and
solved., Firstly, the automation, of
the computerized method is suitable
and caters more to the commercial
pur pose. Also there is the need
for high investment for equipment
and devices, and precise manual
guide and knowledgeable as well
as skilled people to operate the machines. More workspace is needed
to put and assemble the automatic
system. These are not favourable to
the family poultry and small scale
poultry operators.
A review of literature, of the rural population in Nigeria reveals
that 80 % are small scale farmers.
A survey of the livestock industry

in most areas in Nigeria indicates
that automatic or mechanical feeding equipment are unavailable and
where available they are unreliable
due to unsteady power supply or too
expensive to maintain (Onyebuchi,
1995; Alabi and Aruna, 2005). As
a result of such limiting conditions,
sophisticated metering poultry feeders appear increasingly as large
scale commercial proposition. The
challenges which continually faces
the poultry industry, especially in
African countries and elsewhere in
the developing world is the provision of suitable design and economical houses to provide optimum
environment for maximum growth
and production with economical
use of feed (Patrick, 1989). There is
therefore the need for development
of an efficient family poultry feeder.
Objectives of the Study
Family poultry and small/medium
scale poultry farming are widely
practiced by majority of African
poultry farmers. The labour involvement and time demand for these
poultry ventures make it arduous
for most of the farmers. To ameliorate these problems in majority of
the rural communities, improved
mechanical feeders are required in
order to maximize time and reduce
labour (Onyebuchi, 1995). This project attempts at solving the problems
of high labour/time demand, feed
wastage, and irregular/unsteady
power supply for feeders associated
with small/medium scale poultry
farms and family poultry.
Component Parts and Fabrication
of the Model Feeder
The hopper, inner spring casing,
stopper, link tunnel, trough funnel,
grille cap, distributor cone, feeder
trough and the rod stands are the
components of the feeder.
The hopper: The hopper is made
of 20 gauge sheet metal cut 124 cm
by 61.7 cm and bent end to end to
form the cylindrical portion of the
hopper with diameter 41.2 cm. A

50 cm by 124 cm sheet is cut into a
trapezoid which is bent round and
welded end to end to form a frustum with 41.2 cm at one end and 21
cm at the other end. This frustum
of height 50 cm is welded from the
41.2 cm diameter end to the end of
the cylindrical hopper. These two
sections (cylindrical and conical)
welded together forms the hopper
having a cylindrical top with a conical bottom, with a total height of
111.7 cm.
Inner spring casing: This component which is made of aluminium
panel sheet measured 110 cm by
60 cm which is bent to form a cylinder of diameter 20 cm. The ends
are joined by anchoring the edges.
Then, 10 cm height from one end is
cut at intervals to form prongs with
flat end 2 cm wide, having spaces of
5 cm between prongs.
Stopper: This is made out of 2
cm thick hard wood. The circular
shaped stopper, 25 cm in diameter
is cut out of a 30 cm 2 wood. Using
construction to determine the centre
of the circle, holes are made on the
wood. Firstly, four 0.5 cm diameter
holes are made 1 cm off the centre
at 90º to each other. Then eight 2
cm width holes are created 1 cm
from the circumferential end of the
stopper with 5 cm space interval between these holes.
Link tunnel: This component
composed of two parts is also made
of aluminium panel sheet. The first
part is cylindrical in shape with 21
cm diameter and made from a 30
cm by 63 cm panel sheet joined end
to end with the edges hammered
together. The second part is a frustum with of 21 cm top diameter and
30 cm bottom diameter made of
aluminium panel sheet. This shape
is developed by cutting a 90 cm by
20 cm aluminium panel sheet then
applying the steps on development
of a conical frustum. The two parts
are joined together by sliding the
cylindrical portion through the frustum part until its end with open flap
hooks the end mouth of the frustum.

VOL.46 NO.3 2015 AGRICULTURAL MECHANIZATION IN ASIA, AFRICA, AND LATIN AMERICA

AMA46-3Sum07_90.indd

67

73

2015/07/17

11:34:39

(Goklap and Bundy, 2010)
Grille cap: This is made simply
from thin metal wire which is bent
to form two circles each of 21 cm
and 46 cm diameter respectively.
With the aid of a wrapping foil,
the thin metal circles are wrapped
around the circumference. Then,
aluminium panel sheet is cut into
several trapezoids (15 in number) of
sides 1 cm and 2 cm and height 20
cm. These trapezoids are bent at the
1 cm and 2 cm ends to form a small
circular tunnel for the passage of the
wrapped circular wires. When these
panel plates are fixed to both wires
a grille is formed.
Distributor cone: This is a 24 cm
diameter cone of height 30 cm made
of aluminium panel sheet. This is
developed from a 72 cm by 30 cm
sheet cut in accordance with the
conical development rule as contained in. (Goklap and Bundy, 2010)
Feeder trough: A 10 cm by 138
cm aluminium sheet metal of 20
gauge is welded at one end with a
circular sheet of same material of

diameter 46 cm to form a cylindrical container. Then 3 pieces of 2
cm diameter hollow pipes of height
15 cm are welded to the side of the
container so as to form a tripod.
Holes are then bored centrally on
these pipes and a 2-inch nut welded
to each pipe about the holes to allow
the passage of the screw measuring
5 cm in length welded to a 2 cm diameter circular end which serves as
a knob used for tightening or loosening.
Rod stands: These are made from
stainless steel rods of height 20 cm.
They are three in number. They fit
into the hollow pipes and are then
screwed tight to make the stands
hold firm in position. Other materials used in the feeder construction
include; wire and spring and mild
U-metal screw.
Wire and spring: The wire and
spring is the main mechanism that
controls, regulate and co-ordinate
the metering of the feeds from the
hopper to the feed trough. The arrangement is such that the wire

Fig 1 Pictorial drawing of the developed feeder

runs from the ceiling hoist to about
75.5 cm into the hopper from where
it hooks up the spring at one end.
The other end hooks up the U-rod
embedded in the stopper from were
another wire continues from the
opposite end of the stopper to the
feeder trough, were it is attached to
a U-rod at the base. The spring possesses the necessary elastic strength,
to suspend the stopper plate as it is
pulled downwards by the weight of
feed in the trough to block further
discharge of feeds. When the feed
quantity in the trough reduces to a
certain level, it causes decrease in
weight which in turn makes for a
pull of the spring. This pulling leads
to the raising of the stopper of the
hopper which allows for an opening
for the discharge of feed once more
to the trough.
Mild U-metal screw: The Ushaped metal has both ends threaded to allow for bolting. This U-rod
has the main function of holding
the spring mechanism to the trough.
Bolts are used to hold the two ends

Fig. 2 Component parts of the developed feeder
a: Hopper

A-Ceiling joist,
B-String wire,
C- Stopper casing,
D-Spring,
E-Cylindrical hopper,
F-Conical hopper,
G-Wooden stopper,
H-Link clip,
I-Operating string,
J-Feeder tunnel,
K-Feed dispenser,
L-Grill cap, M-Trough,
N-Knob, O-U-rod and nut,
P-Stand
74
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of the rod as it pass through the
holes made on either the stopper or
the base of the trough. With the aid
of washers, the rods are held steadfast to the feeder mechanism.
A pictorial drawing of the developed feeder is shown in Fig. 1. Fig.
2 is the component parts of the feeder with dimensions. A photograph
of the feeder during evaluation is
shown in Fig. 3.

Materials and Methods
Commercial feeds for poultr y
birds in Nigeria were used for design analysis and evaluation of the
mechanical family poultry feeder.
They are the layer marsh, growers
marsh, broiler finisher and broiler
starter. The physical properties of
the feeds determined were sizes,
density, angle of repose/coefficient
of friction and moisture content.
Size of Feeds
Sizes of feeds were obtained

from the hand book of the producing company, Grand Cereals Ltd.
A subsidiary of UAC Nig. Plc., Jos,
Plateau State, Nigeria. They were
further confirmed by sieve analysis
using a set of BS 41 sieves.

determined as follows:
θ = ∑θ/N....................................(2)
Where:
θ = angle of friction
N = number of measurements
∑θ = sum total of measured angles

Density of Feeds
The density of feeds for the five
samples of poultry feeds were determined experimentally and calculated using the formula:
ρ = M/V..................................... (1)
Where:
ρ = density of feed
M = mass of feed
V = volume of feed

Moisture Content of the Feeds
The oven dr ying method at a
temperature of 105 ºC for 24 hours
was used to determine the moisture
content of the feeds and computed
as follows:
mc = [(mi − mf) /mf] × 100...... (3)
Where:
mc = moisture content of feed
sample
mi = mass of wet feed sample (ordinary state of the feed)
mf = mass of dried feed sample

Angle of Friction
To design the hopper the angle
of incline should be such that a
free flow of feed is guaranteed or
enhanced. The angle of friction
was determined by pouring 5 kg of
feed on a 1.5 mm thick mild steel
sheet on the angle of friction device
developed by Umogbai (2009). Ten
trials were carried out and the mean

Fig. 2 Component parts of the developed feeder
b: Spring metering mechanism
c: Grill cap

Feed Metering Spring/Hopper/
Trough
The spring mechanism shown
in Figs. 1 and 2 controls, regulates
and co-ordinates the metering of
the feed from the hopper to the feed
trough. The performance and efFig. 3 Photograph of the developed feeder
during evaluation

c: Distributor cone
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ficiency of the spring was assessed
using Hooke’s law of elasticity
(Wikipedia, 2010). The elasticity
and maximum strength of the steel
spring was determined in the civil
engineering laboratory, University
of Agriculture, Makurdi.
The original length of the unstretched spring was measured using a meter rule. Weights of 1 kg, 2
kg, 3 kg, 4 kg and 5 kg were separately used to determine the springs
tensile strength and the extensions
were recorded.
Assumptions Made for the Design
are:
That each bird can consume 0.9
kg of feeds per week amounting to
0.13 kg per day. (Willianson and
Payne, 1978)
• That the bin is to be put to effective use for at least 5 years.
• The longest time a farmer can be
away is one week.
• The hopper could contain one bag
of poultry feed which is 25 kg.
• The feed trough could carry a
maximum load of 5 kg at a time.
This value is based on the maximum stress capacity of the spring.
Articles and formulae from the
following sources were used in the
design computations and analysis:
Smetana (1996); Willianson and
Payne (1978); Hughes (1970); http://
www.alibab.com/poultryfeedingsytem (2010); Automatic Livestock
feeders/ www.paitryco.org; Chang
et al. (1984); Chang and Converse
(1988); Chang, et al. (1990); Goklap
and Bundy (2010); www.wikipedia.
org (2010); Molenda et al. (2009);
MWPS, 1983; Oberg et al. (2004);
Ojah and Michael (1999); Khurmi
and Gupta (2005); and Tim and
Roberts (2009).
The calculated parameters and
their results are shown on Table 1.
To calculate the number of birds
to feed on the feed trough; from the
linear feeding space of poultry birds
at 6 weeks is 5.8 cm (which is also
the length of the grille cap). (Oluyemi and Roberts, 1979)
Thus to get the linear length of
76

AMA46-3Sum07_90.indd

Table 1 Design parameters and their results
the trough Lt;
Parameter
Result
Lt = πD (Formu0.27 m3
la for perim- Actual capacity of bin and hopper
353.1 N/m 2
eter of a circle). Feed pressure on the feeder wall
391.1 N/m 2
	�������������������(4) Dynamic lateral pressure
Horizontal force acting per unit length
745.91 N
= 3.14 × 46
Circumferential stresses on hopper
331.2 KN/m 2
= 144.53 cm
1.66 KN
It therefore fol- Longitudinal stresses
316.6 N/m 2
l o w s t h a t f o r a Shear stresses for the trough
0.58 mm
trough of 144.532 Thickness of metal sheet for construction
56.9 N
cm, the total num- Load on trough stand
483.9 N/m 2
ber of birds it can Shear stresses on Spring
0.3 mm
a c c o m m o d a t e Axial deflection of spring
0.21 N/m
during feeding is Stiffness of the spring (spring rate)
Spring diameter
3.9 mm
calculated thus;
Number of birds
= (length of trough)/(Linear feeding
type used in the University of Agspace)............................................(5)
riculture, Makurdi poultry research
= 144.532 / 5.85
far m. Factors considered in the
= 24.92 ≈ 25 birds
evaluation were feed consumption,
Therefore total number of birds
number of eggs produced per day,
the feeder can accommodate is 25
weight-change per bird, feeding
birds.
convenience, feed wastage, and
1 bird per day:
feeding efficiency.
130 gm of feed (Williamson and
Payne, 1987).
Determination of Feed Consumed
25 birds per day:
Blanco and Grook’s formula was
130 gm feed × 25 birds per day / 1
used for the evaluation.
bird per day = 3250 gm feed per
Mc = Ms1 − (Ms2 + Ms3)...........(7)
(Blanco and Grook, 2006)
day = 3.25 kg of feed per day
Where:
25kg of feed will sustain 25 birds
Mc = mass of feed consumed by
for:
birds during one week (kg)
= (1 day × 25 kg) / 3.25 kg........(6)
Ms1 = the mass of feed introduced
= 7.69 days (1 week adopted)
into the feeder trough and hopFrom the calculations above, it
per (kg)
therefore means that, 25 birds will
Ms2 = mass of feed in both hopconsume 25 kg (one bag of comper and trough at the end of one
mercial poultry feed) of feed for one
week (kg)
week.
Ms3 = mass of feed wasted to the
floor in one week (kg)
Performance Evaluation
Testing was carried out on the
Number of Eggs Produced
feeder to ascertain its functionalThis was done by counting the
ity and determine the efficiency of
number of eggs produced by the
the feeder. Twenty-five (25) Roman
birds per day.
brown birds (layers) were used for
evaluation at the poultry unit of the
Weight Change
University of Agriculture, Makurdi
A digital weighing balance was
research farm. The evaluation was
used to measure the weight change
monitored for duration of three
per bird after one week feeding.
weeks. The performance of the developed feeder was compared with
Feeding Convenience
the pan feeder which is the popular
Convenience is a function of the
feeder used by poultry farmers in
number of birds that will be perNigeria. The pan feeder is also the
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mitted continuous feeding to the
number that will have to wonder a
while before they have opportunity
to feed. This occurs at any time (t)
when the 25 birds used try to feed
from the feeder at the same time.
For the first day, it occurred at about
3 hours into the evaluation process.
The whole birds tried to feed from
the feeder trough but 6 birds could
not find comfortable space around
the feeder. They wonder off until
a space was created by voluntary
withdrawal of the birds already
feeding. This situation repeated
itself at different times at different
days of the week with the feeding
convenience calculated using Johnston and Cianmiel’s equation.
Fc = ∑1N ([(NT − Nt) ÷ NT ] ×
100) / N...................................(8)
(Johnston and Ganmiel, 2006)
Where:
Fc = Feeding convenience for the
birds for one week
N = 7 days involved
Nt = Number of birds wondering
around for space at maximum
feeding in a day
NT = Total birds sample = 25
Feed Wastage from the Trough
For the duration of experimentation, the poultry pen where this
evaluation is set up was swept twice
daily, so that the amount of feed
wasted to the f loor was collected
and weighed to determine the mass
of wastage.
Wt = ∑1NWn. ...............................(9)
(Johnston and Ganmiel, 2006)
Where:
Wt = wastage from the trough per
week

N = 7 days involved
Wn = mass of waste to the floor
collected per day.
Efficiency of the Feeder
This involves the application of
the values derived above as presented in Guèye’ efficiency formula (E);
E = (mass of feed consumed by
birds-mass of wastage / mass of
anticipated consumption) × 100.
. ............................................ (10)
(Guèye, 2002)
Operation of the Feeder
The main parts of the feeder of
are the hopper (upper portion), the
link tunnel (mid section) and the
trough (lower portion). These three
parts are easy to detach and couple
for ease of handling, cleaning and
transportation. The steel spring is
the main mechanism that regulate
and co-ordinate the metering of the
feeds from the hopper to the feed
trough. The spring possess the elastic strength to suspend the plate that
is pulled downwards by the weight
of feed in the trough to block excess
discharge of feed. When the quantity of feed in the trough reduces,
the decrease in weight causes a pull
of the spring which then opens the
mouth of the hopper for release of
feeds to the trough.
About 5 kg of feed is initially fed
into the trough so that on hanging it
pulls the stopper to close the hopper
via the string wire hanging mechanism. Then, 20 kg (one bag) of the
feed is discharged into the hopper.

Results
Table 2 shows the physical properties of feeds used for the construction of the feeder and performance
evaluation. Table 3 is the laboratory
test for steel spring elasticity used
for metering the feeds. Table 4 is
the evaluation of the feeder for a duration of three weeks, while Table 5
gives the performance and operating
parameters between the developed
feeder and the pan feeder.

Discussion
Five types of feeds were used to
determine the physical properties of
the available feeds. From Table 2, it
is observed that the growers mash,
the layers mash and the broilers finisher have the largest sizes of 6 mm,
6 mm and 5 mm respectively. The
sizes of the broiler starter and chick
mash were 3 mm. The angle of repose did not vary significantly as
the angle ranged from 43º to 46.8º.
The moisture content was highest 17.46 % for the growers mash
and lowest 14.24 % for the broiler
starter. The coefficient of friction
ranged from 0.62 to 0.8. There was
however a noticeable variation in
density of the feeds, with the broiler
finisher having the highest density
of 635.54 kg/m 3. This was closely
followed by the broiler starter with
a density of 629.61 kg/m3. The chick
mash, the layer mash and the growers’ mash have densities of 598.00
kg/m3, 595.00 kg/m3 and 485.15 kg/
m3 respectively.
The laboratory test (five readings)

Table 2 Physical properties of feeds used for construction and performance evaluation
Feed type
(trade name)
Growers mash
Broiler starter
Chick mash
Broiler finisher
Layers mash

Available size,
mm

Angle of repose,
ø

Moisture
content, %

Coefficient of
friction, µ

Friction

Density kg/m3,
σ

6
3
3
5
6

46.6
43.0
46.8
44.4
52.1

17.46
14.24
16.9
16.80
15.82

0.62
0.62
0.71
0.80
0.72

32
31.6
35.2
38.3
35.7

485.15
629.61
598.00
635.54
595.00
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for steel spring elasticity almost
shows direct proportion to the load
applied (Table 3). The observed
readings fully agreed with Hooke’s
law of elasticity.
The performance evaluation test
for a period of three weeks (Table
4) shows that 16.51 kg, 17.66 kg and
18.22 kg of feed were consumed
during the first, second and third
weeks respectively. This shows a
gradual increase in the amount of
feed consumed per week. There
is also a noticeable decline in feed
wastage; 8.49 kg, 7.34 kg and 6.78
kg for first, second and third week
respectively. Consumption eff iciency increased from the first week
through the second to the third
week. The most likely reason for
the recorded results is that probably
the birds were getting more familiar with the developed feeder with
increased usage. It was initially
observed by the researcher and by
other workers in the research farm
that the birds were reluctant to feed
from the developed feeder during
the first few days.
Table 5 shows comparative performance and operating parameters
between the developed feeder and

the pan feeder. More feed was consumed per week when the developed
feeder was used; 21.27 kg for the
developed feeder and 17.46 kg for
the pan feeder. This led to a higher
number of eggs (19 eggs) produced
per day for the developed feeder
as against (17 eggs) per day for the
pan feeder. Birds feeding from the
developed feeder had an increase
in weight of 0.23 kg per bird after
feeding for one week while those
feeding from the pan feeder gained
0.349 kg per bird. The relatively
lower weight gained may be due the
higher number of egg produced per
day. The more the eggs produced,
the more the time spent out of the
feeding trough. However, the developed feeder has a higher feeder
convenience of 79.7 % per bird per
week as against 72.4 % for the pan
feeder. Feed wastage per feeder per
week is more (7.54 kg) for the pan
feeder as compared to 3.77 kg for
the developed feeder. The feeding
efficiency was higher for the developed feeder. The developed feeder
had 85 % efficiency while the pan
feeder had 70 %. The feeder was
produced at a cost of N 14,000:00;
($ 86:00).

Table 3 Laboratory test for steel spring elasticity
Mass, KG
1
2
3
4
5

Length of un-stretched
spring, cm
24.5
24.5
24.5
24.6
24.8

Length of stretched
spring, cm
25.2
27.0
29.5
32.1
34.7

Conclusion
A mechanical poultry feeder has
been designed, constr ucted and
tested. The evaluation of feeder
was carried out with roman brown
layers (laying poultry birds) with
an average weight of 1.43 kg per
bird. Results under a period of three
weeks showed an average feeding
efficiency of 85 % per week. The
feeding convenience for the 25 birds
used as sample was 79.7 % on the
average permitting wastage of about
30 %. These results are indicators
of the fact that the feeder can be
improved upon with adjustment of
some of the defects such as feed
blockage by the wooden stopper in
the hopper and the grill cap alignment which encourage the wastage
of feed discharged from the hopper
into the feed through.
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Table 4 Evaluation of the feeder
Test Factor
Feed Consumed per
week, Kg
Feed Wastage, Kg
Consumption
Efficiency, %

Week 1

Week 2

Week 3

Standard
Error

16.51

17.66

18.22

± 0.41

8.49

7.34

6.78

± 0.37

66

71

73

± 1.70

Table 5 Comparison of performance and operating parameters between the developed feeder
and the pan feeder using roman brown layers
Factors Considered
Feed Consumed per week
Eggs Produced per day
Weight change per bird after one week
Feeding
Feeding Convenience per bird per week
Feed Wastage per week
Feeding Efficiency
Labour requirement per 200 birds
78
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Developed
feeder
21.23 kg
19
+ 0.23 kg

Pan
feeder
17.46 kg
17
+ 0.35

79.7 %
3.77 kg
85 %
1 man

72.4 %
7.53 kg
70 %
3 men

Remark, s
+ 3.76 kg feed consumed on developed feeder trough
+ 2 Eggs produced using developed feeder
- 0.12 kg due to more eggs by the developed feeder
produce better layers
+ 7.3 % convenience using developed feeder
+ 3.76 kg wastage on developed feeder
Pan feeder has + 15 % feeding efficiency
Developed feeder saves cost of labour by 66.7 %
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University of Agriculture, Makurdi
Poultry Farm.
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Abstract

Introduction

Mechanical sugarcane harvester
research has included studies about
cutting efficiency, cost analyses,
design and impacts on cane crop
production and quality. The nature
and scale of commercial operations
introduce new problems for a commercial contractor to remain profitable and sustainable. Often data
concerning contractor operations
are captured, but these records are
seldom analysed. The aim of this research was to demonstrate research
approaches to explore the performance of large scale commercial
mechanical sugarcane harvesting
operations. A negative correlation
was found between diesel consumption and harvesting rate. A logarithmic relationship existed between
idle time and machine performance,
and blade maintenance enhanced
machine performance.
Keywords Performance indicator, correlation graph, chopper harvester, sugarcane, efficiency, TDH
Index

Si m ilar to other ag r icult u ral
mechanization equipment, mechanical sugarcane harvesters, also
known as chopper harvesters, have
received significant research attention. This includes, among others, studies on cutting efficiency
(de Beer and Boevey, 1977), cost
analyses (Salassi et al., 2002), selection of appropriate designs and
configurations (e.g. Braunbeck et
al., 1999; Li et al., 2002) and impacts on crop production and cane
quality (Viator et al., 2007). At a
typical commercial sugarcane farming scale, chopper harvesters are
relatively expensive and harvesting
capacity often exceeds the demand
of a single farm. Hence, worldwide,
chopper harvesters are often operated by commercial contractors who
would typically service a number of
sugarcane producers.
Although the field-scale scientific
research cited above is valuable,
the nature and scale of commercial
operations introduce new economic
and operational challenges. Different clients, sugarcane fields, sugar
mills and operating environments
introduce a range of issues that have
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to be managed on a day to day basis
in order for the commercial contractor to remain profitable and sustainable. These include, among others,
prioritizing more important clients,
matching the correct equipment
with the correct operating environments, dealing with political and social issues, and managing contracts,
equipment transfers, diesel supply,
mai nt e na nce, brea kdow n s a nd
blade replacements. Some of these
scenarios have been described and
investigated by various researchers,
such as Higgins et al. (2004), Le Gal
et al. (2009) and Stray et al. (2012).
In many cases the occurrence of
problems and opportunities are oneoff, but over time it becomes necessary to detect good decisions from
the past and to learn from previous
mistakes.
For accounting purposes harvesting contractors normally capture
and retain a fair amount of data
concerning their operations. These
may include descriptions of workloads, maintenance records, operator performance for bonus purposes,
blade replacements and diesel consumption records. However, these
records are often disconnected.
For example, diesel records may be
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maintained to ensure that a supplier
is correctly reimbursed and that fuel
theft can be detected, while harvesting records may be kept on a different system in order to invoice the
client.
Often medium to large scale harvesting contractors do not possess
the time, statistical skills and appropriate data structures and expertise
to draw value from the wealth of
data that may be stored. Although
some compa n ies may generate
graphs and summary tables of performance, there is an opportunity
to explore captured data more scientifically in order to reveal deeper

trends and patterns. The science and
applications of data mining are vast,
but tend to gravitate towards analyses in the IT, business and industrial production sectors. Kivijärvi
and Tuominen (1996), Hsu (2009),
Köksal et al. (2011), Çif likli and
Kahya-Özyirmidokuz (2010) and
Domíngueza (2012) describe such
research in a wide range of mainly
manufacturing industries and demonstrate how industry can draw
value from advanced data analyses
approaches.
The aim of this research was to
demonstrate research approaches
to explore patter ns and general

performance trends in large scale
commercial mechanical sugarcane
har vesting operations. Specif ic
objectives included the preparation of data into suitable formats,
demonstrating multivariate analyses
approaches, evaluating performance
indicators and providing the contractor with recommendations based
on these outcomes.

Methodology

Background and Data Preparation
The Compagnie D’exploitation
Agricole Ltée (CEAL) operates a
fleet of approximately ten chopper
harvesters in Mauritius. HarvestTable 1 Mechanical sugarcane harvesters operated
by the CEAL group between 2011 and 2012
ers are deployed between different
sugar milling areas across the island
Days in
Average cost
Capacity
Equipment
Machine type & ID
operation
in
per
ton
of
cane
and clients range from large estates
(t.hr-1)
age (years)
2011 - 2012
(US$.t-1)
with dedicated machines to small
CHOPPER 2500/4
42
192
$4.90
14
growers who may require harvestCHOPPER 2500/5
31
223
$5.83
11
ing for one or two days only. Table
CHOPPER 2500/6
46
245
$4.28
11
1 depicts the harvesters that were in
Cameco 3500/1
48
281
$3.70
9
operation during the 2011 and 2012
Cameco 3500/2
50
239
$5.66
8
milling seasons.
John Deer 3520/1
59
292
$2.77
> 11
A total of 2,740 daily data records
John Deer 3520/2
58
287
$3.17
2
for the 2011 and 2012 harvesting
Austoff 7700/2
53
286
$3.09
10
seasons were collated. The data
Austoff 7700/3
46
231
$5.93
10
included a range of descriptive
Austoff 7700/4
52
300
$5.34
4
variables as listed in Table 2. For
each day the client and
Table 2 Descriptive variables in a mechanical harvesting system,
site where the machine
summarized by their mean (x–) and standard deviation (σ) under different groupings.
operated was captured
Values in brackets depict the number of items in each group
and the number of tracGrouping Variable
tor trailers that moved
Equipment
Months
Sites
Percentile
Descriptive Variable
(10 machines) (7 months)
(50 clients) (10 intervals) billeted cane out of the
––
field was recorded. It was
-1
x
x––
x––
Bad weather stops (hr.d )
––
––
––
––
also recorded whether
Blade replacement frequency (days)
x
x
x
x
––
tractor trailers offloaded
Breakdown frequency (days)
x
–
–
––
––
––
into bins or whether these
-1
xDaily breakdown time (hr.d )
x, σ
x
x
x
––
––
––
––
units moved the cane di-1
Daily maintenance time (hr.d )
x
x
x
x
rectly to a nearby sugar
Diesel consumption (l.t-1)
x– , σ
x– , σ
x– , σ
x– , σ
mill. The quantity in tons
x– , σ
x––
x––
Hours per day harvesting (hr.d-1)
of cane harvested were
Idle for refueling (hr.d-1)
x––
x––
capt u red at the mill’s
No work idle (hr.d-1)
x––
x––
x––
weighbridge. Machines
Performance percentile
x––
x––
sometimes worked on
Stop because of milling issues (hr.d-1)
x––
x––
x––
more than one task, such
Tons harvested per hour (t.hr-1)
x– , σ
x– , σ
x– , σ
x– , σ
as different clients, on a
x––
x––
x––
Tons harvested per task per day (t)
x– , σ
particular day. Therefore,
Total idle time (hr.d-1)
x– , σ
x– , σ
x– , σ
the total tons harvested
x––
x––
x––
Waiting for tractor-trailers (hr.d-1)
by the machine for the
x– : data mean; σ: data standard deviation
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day (over different tasks) and the
tons harvested in an individual task
were both recorded. Working hours
were recorded by the operator and
were billed against a specific task.
Based on this, the machine’s work
rate (t.hr-1) could be calculated for
individual tasks and for the full
day’s work. Diesel records were
kept by the garage managers and included the date, the amount of diesel
issued and the hour meter reading
on the machine at the time of refueling. Refueling occurred at any
time of the day and sometimes more
than once on a day. These records
were used to estimate the amount
of diesel that was consumed on any
particular day. Although there is
room for error, a diesel consumption
figure (in litres per ton cane) was
estimated for each day. A number
of different types of idle times were
also recorded by the operators. This
includes waiting for in-field tractor
trailer units to return, idling because
the mill experienced problems,
bad weather, planned maintenance,
breakdowns, refueling and blade
maintenance and replacements.
Data Analyses
For each machine, the total tons
harvested per day were sorted from
the lowest to the highest. Each day
was then allocated a unique percen-

tile value, where 100.0 depicts the
day with the highest daily harvesting rate, and 0.0 depicts the day
with the poorest harvesting rate.
This became another variable in the
database and was termed the performance percentile.
Data were grouped by equipment, month of the year, site and
percentile interval (viz. 0-10, 10-20,
... 90-100). In each case the average
(x–) –and sometimes the standard
deviation (σ) of a set of descriptive
variables were calculated. Table
2 summarizes the variables that
were included in these analyses. In
some cases certain variables were
excluded, e.g. average frequency
of bad weather stops for different
equipment. These exclusions were
made carefully after the data were
investigated and for relatively obvious reasons there were no statistical
dependency between variables.
Correlation analysis was conducted for each set of results derived
from Table 2. For example, in the
case of equipment, the performance
of the ten harvesters (Table 1) were
summarized by the 13 descriptive
variable aggregates shown in Table
2 (2nd column) to form a 10 × 13
matrix. This was followed by calculating a Pearson correlation matrix
between different variables. These
matrixes were studied for patterns

Fig. 1 Average daily diesel consumption plotted against average
daily tons per hour harvested for different machines (labeled
black boxes) and for different harvesting sites (unlabeled crosses)
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and strong trends, which initiated
further investigations. These investigations were explorative and only
evaluations that yielded interesting
results were included as results in
this paper.
For t he e qu ipme nt a nd sit e s
groups (in Table 2) the mean and
standard deviations of descriptive
variables were normalized and the
two matrixes were transposed. As
per Samkange and Bezuidenhout
(2013), this allows for the calculation of correlation coefficients between sites and between equipment.
For example, once the data has been
normalized, the 10 × 13 equipment
matrix was transposed and the resultant 10 × 10 Pearson correlation
matrix now reflects to what extent
different equipment experienced
similar conditions in terms of the 13
variables that describe the associated operations. These results were
projected in a correlation graph
(Onnella et al., 2004; Gorban et al.,
2010; Samkange and Bezuidenhout,
2013) where each vertex (node) in
the network depicts a specific harvester and each edge (line) between
vertexes depicts the strength of the
correlation coefficient between the
two respective harvesters. Energized
correlation graphs, where each variable is mathematically positioned in
close proximity to other variables

Fig. 2 An index derived from harvesting rate and diesel
consumption (TDH index) plotted against a mechanical
harvester’s ranking in overall harvesting performance
(percentile intervals)
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that tend to have similar responses
within the system, are valuable in
helping to reduce data redundancy
and to help focus the investigation.
An example of a correlation graph is
presented in Fig. 6.
A similar correlation graph approach was followed for different
sites. Because of the large number
of sites, viz. 50, and the subsequent
1,225 correlation coefficients between different sites, a maximal
spanning tree algorithm (Heimo et
al., 2009) was carried out to reduce
redundancy. The maximal spanning tree algorithm retains a single
network, but will remove as many
edges as possible, while retaining
the strongest combination of correlation coefficients. It falls outside
the scope of this paper to explain the
correlation graphing methodology
in more detail and readers are referred to Samkange and Bezuidenhout (2013) for more information.

Results
One of the most prominent correlation trends between variables was
a significant negative correlation
between diesel consumption per ton
of cane and harvesting rate (Fig. 1).
This trend was apparent in the raw
data and in all the summary tables

(Table 1) across equipment, operating sites and times of the year. The
trend arises from several underlying
operating factors that influence efficiency, including cane yield and
field layout. Ideally an operation
should be in the top left corner of
Fig. 1 with low diesel consumption
and high harvest rates. Bearing this
in mind, the performance parameter
in Eqn. 1 was derived and emerged
as a robust measure of overall harvesting efficiency throughout the
system (Fig. 2). In this paper a variable or index is considered robust if
it is (a) not ambiguous, (b) sensitive
to performance, and (c) difficult to
manipulate artificially. This parameter was termed the TDH index (T
for tons, D for diesel, H hours) and,
because of its robustness and difficulty to purposefully manipulate,
the index creates an opportunity for
management to implement a performance management system in
harvesting operations.
TDH= (ton/hour) / (diesel/ton) =
(ton 2 / diesel.hour).................. (1)
where ton is the tons cane harvested on a particular day, hour is
the time taken to perform the operation and diesel is the estimated
amount of fuel used.
Fig. 2 depicts the average TDH
index for ten performance percentile
intervals (deciles). There is a strong

Fig. 3 The relationship between total idle time per day and
average overall harvester performance (expressed as a percentile
of maximum daily performance)

linear response between these two
variables, which confirms that the
THD index can be a suitable performance indicator. The calculation of
performance percentiles is onerous
and can only be done once the dataset is complete, for example at the
end of the season. In contrast, the
TDH index can be derived at the end
of each day’s harvesting. This is an
interesting discovery and prompts
the question whether the TDH index
could be used to measure performance in other crops as well, such
as corn, wheat and soybean.
Figs. 3 and 4 depict the relationships between total idle time and
blade replacement idle time against
harvester performance (percentile
interval), respectively. A logarithmic relationship between total idle
time and machine performance exists, where machine performance
increases exponentially against
decreasing idle times. This trend is
probably attributed to the fact that
once a machine has been working
for a number of hours, the operation
appears to pick up momentum. The
operator probably becomes more familiar to the field, the infield tractortrailer units start synchronizing with
the harvester and the overall system
becomes more efficient. From these
results it is recommended that the
harvesting contractor keeps idle

Fig. 4 The relationship between harvester performance
(expressed as a percentile of maximum daily performance)
and average blade replacement time
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times below three hours and should
probably also avoid multiple short
idles through the day.
Fig. 4 depicts a general increase
in harvesting performance with an
increase in blade replacement time.
The blade replacement time includes
time spent to do blade sharpening
and blade rotation. In contrast to total idle time (Fig. 3), regular delays
to perform blade management supports better performance. It is noted
that blade replacement time was not
necessarily a determining factor
during the worse (< 20) and during
the best performance intervals (>
90). These levels of performance
were probably regulated by other
factors, such as field conditions and
cane yield, however, blade management appears to promote the better
overall performance of equipment
and need to be investigated carefully in terms of economic feasibility.
Fig. 5 depicts the average diesel
consumption against the average
daily breakdown downtime for each
harvester in the fleet. Although the
slope of the trend line is not significantly positive, a correlation coefficient of 0.62 suggests that higher
diesel consumption instances are
associated with breakdowns. The
cause of this is two-fold. First, it is
intuitive that an engine in trouble is
likely to increase fuel consumption.
If monitored correctly, this informa-

tion could be used to do preventative maintenance. Secondly, on a per
ton basis, smaller machines, such as
the CHOPPER 2500 models, work
harder and will over time result in
more breakdowns.
Fig. 6 reflects a Kamada-Kawai
(1989) energized correlation graph
of harvesters. Two distinct clusters
of harvesters exist where harvesters inside each cluster are generally
positively correlated. On consultation with the operation manager,
it was noted that the equipment in
the light grey cluster were generally considered as high performance
equipment, while machines in the
dark grey cluster experienced several breakdowns and disruptions
through the 2011 and 2012 seasons.
This result helps to summarize and
categorize the overall performance
of each harvester in terms of all 13
descriptive variables listed in Table
1. From a management perspective,
Fig. 2 provides a quick and easily
interpretable map of harvesters in
relation to each other. By generating
correlation graphs like this on a regular basis, management could monitor whether a harvester retains its
position in terms of a large number
of performance variables. Likewise,
management could also use this information to identify and focus on
anomalies in the system, such as the
two harvesters (2500/6 and 3500/2)

Fig. 5 Average diesel consumption per harvester against
the machine’s average daily breakdown time
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that are outliers in the graph.
Similarly to Fig. 6, Fig. 7 depicts
an energized correlation graph of
different sites where harvesters have
operated during the 2011-2012 seasons. Random codes are displayed
to protect the identity of clients. The
maximal spanning tree algorithm
(Heimo et al., 2009) was applied to
reduce the number of edges between
sites. In the tree structure, sites that
are adjacent to each other, such as
“PRG” and “PRS”, could be expected to have experienced similar operating conditions (in terms of the 16
descriptive variables listed in Table
2). The cluster of sites highlighted
in light grey represents relatively
small operations where no idle
times were captured. It is the absence of idle times that caused these
sites to artificially cluster together.
The cluster of sites highlighted in
dark grey represents all the relatively large operations in the system.
Large operations were generally
more efficient due to economies of
scale and probably the contractor’s
effort to keep large clients satisfied.
No other logical grouping of sites
could be identified in the graph,
including geographical location,
which seems to play no major role
in harvester efficiency in Mauritius.
This was interesting since different
geographical locations would imply
delivery to different mills and dif-

Fig. 6 An energized correlation graph of mechanical harvesters.
Dark lines depict strong correlation between harvesters,
while dashed lines depict negative correlation values
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ferent climatic conditions, however,
the inf luence of these factors appears negligible. The tree structure
provides sufficient information for
the contractor to focus his investigation and to determine why certain
sites are similar or different to each
other.

vesters. The TDH index, a ratio of
harvesting rate to diesel consumption, was also found to be a potentially valuable and robust performance variable. There is scope for
this index to be further investigated
under different harvesting conditions and even in other crops.
This study confirms a trend of
improved harvester performance
when blade maintenance is intensiDiscussion and Conclufied. Blade maintenance, however,
sions
also needs to be econom ically
Although harvesting contractors
justified. The study uncovered an
often store large amounts of data for
exponential rise in machine perforaccounting purposes, there appears
mance against a linear reduction in
to be a significant opportunity to
total idle time. This proposes that
study these records for performance
sugarcane harvesting needs time to
related analyses. This, however,
pick up momentum and that regular
may require a large amount of data
interruptions may cause significant
reformatting and conversion exerperformance losses. Once a cercises. Correlation analysis forms a
tain amount of time of continuous
solid platform from where specific
harvesting has been achieved, it
patterns and peculiarities in the data
appears that the synchronization of
could be detected and further invesin-field equipment and perhaps the
tigated. Correlation analysis can be
operator’s approaches become more
enhanced through the use of more
harmonious. Another trend, which
powerful correlation graph projecwas not as strong as some of the
tions and perhaps principle compoother findings in this study, was a
nent analyses.
positive correlation between diesel
The calculation of a performance
consumption and equipment breakpercentile, which is the percentile
downs. Rising diesel consumption
value after daily machine outputs
rates may be an early indicator of
have been ranked from the lowest
mechanical failure, but more reto the highest, is a valuable system
search is warranted to investigate
variable and enables the researcher
the viability of a management stratto make comparisons between haregy based on this phenomenon.
In this paper
we demonstrated
Fig. 7 A maximal spanning tree of different sites where
how a t ranssugarcane harvesters operated in Mauritius
posed matrix
of nor mal i zed
descriptive variables could be
applied to study
t he mu lt iva r iat e st r uc t u r e s
b e t we e n i nd ividual entities in
a system, such
as ha r vester s
and harvesting
sites. These results provided
a powerful, yet

easily interpretable, outputs that
could help management to monitor
performance and to focus on particular outliers within the system.
Harvesters were classified into three
groups, viz. (a) high performance
equipment, (b) poor performance
equipment and (c) outliers. A normalized transposed variable correlation graph of harvesting sites confirmed that large operations, such as
sugarcane estates, resulted in similar levels of performance, regardless
of the mill or geographical location
of these sites. This suggests that, for
this study, economies of scale tend
to override climatic and local milling factors.
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Abstract
Desiccant integrated solar dryer
was designed, developed and its
performance was studied under the
climatic conditions of Hisar, India.
The system consisted of flat plate
solar collector, drying chamber and
desiccant unit. The desiccant unit
was integrated within the drying
system to continue the drying process during off sunshine hours at
night. During Sunshine hours, the
average drying air temperature and
collector thermal efficiency of dryer
were 48.1 ºC and 62.12 % at air
mass flow rate of 0.020 kg/s. During off-sunshine hours, the average
dryer temperature was 6.2 ºC higher
than the average ambient temperature and average RH of dryer was
lower by 12.9 % than average ambient RH showing the potential of
desiccant integrated solar dryer for
drying of food material even during
night time operations.

Introduction
Drying is an essential process
in the preservation of agricultural
products. Food products, especially
fruits and vegetables require hot
air in the temperature range of 4560 ºC for safe drying. Drying under

controlled conditions of temperature
and humidity helps the agricultural
food products to dry reasonably
rapidly to safe moisture content and
to ensure a superior quality of the
product (Sharma et al., 2009).
Active solar dryers are designed
incorporating external means like
fans or blowers, for moving the solar energy in the form of heated air
from the collector area to the drying
beds (Mohanraj and Chandrasekar,
2009). The inclusion of desiccants
continues the drying process into
the night reducing the overall drying time. Desiccant drying involves
forcing air through a packed bed
of solar-regenerated desiccant to
adsorb moisture from the wet crop
(Hodali and Bougard, 2001).
Several studies have been conducted using regenerated solid
desiccants such as silica gel, but
it requires high temperature typically above 150 ºC for regeneration
and high cost of desiccant material.
Though silica gel has a high moisture sorption capacity but its dust
particles have shown to be carcinogenic thus making it unsuitable for
direct food processing applications.
Efficacy of various CaCl2 based solar regenerative solid desiccant material is high and suitable for drying
applications of fruits and vegetables.
(Throwa et al., 1996).

The integration of desiccant unit
with solar drying continues the drying of products in the off-sunshine
hours and improves the quality of
dried product (Shanmugam and
Natarjan, 2007). The study was undertaken to extend the solar based
drying into night time operations.
The main objective of the study was
to design, develop and evaluate the
performance of a solid desiccant integrated solar dryer.

Materials and Methods
Design Analysis:
The mass of water to be removed
during drying Mw, kg
Mw = [(mi − mf) / (100 − mf)] × W
mi = Initial moisture content
mf = Final moisture content
W = Weight of product
Flat Plate Solar Collector
60 % of moisture is removed by
air heated using solar energy and
remained 40% by the desiccant following Shanmugam and Natarajan
(2007).
M1 = 0.6 × Mw
M2 = 0.4 × Mw
Mass of water removed per hour
m1, kg / hr
mi = M1 / td
td = solar drying time, hours.
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Total energy required E, kcal
E = W × Cp × (Td −Ta) + (m1 × λ)
W = Weight of product, kg
Cp = Specific heat of water, kcal /
kg ºC
Td = Drying air temperature, ºC
Ta = Ambient temperature, ºC
Mw = Mass of water to be removed
during drying, kg
λ = Latent heat of vaporization,
kcal/kg
Area of flat plate collector, Ac
Ac = E/ (η *I)
I = Insolation, W/m 2
η = Efficiency of flat plate collector
Air mass flow rate, Ma kg / hr
Ma = E /[Ca × ρa × (Td − Ta) × td]
Ca = Specific heat capacity of air,
kcal/kg ºC
ρa = density of air, kg/m3
Desiccant Unit
Amount of moisture to be removed by desiccant bed is 40 %
M2 = 0.4 × Mw
Drying time for desiccant unit =
12 hrs (assumed)
Moisture removal rate, mdes = M2 /
tdes
Maximum heat release in desiccant bed = (mdes × 2400) / (1000
Table 1 Considerations for design of
desiccant integrated solar dryer
Material
Weight of material
Initial Moisture Content
Final Moisture Content
Location
Latitude
Longitude
Average solar insolation
Sunshine hours
Off-sunshine hours
Latent heat of
vaporization
Density of air
Efficiency of flat plate
solar collector
Specific heat of water
Avg. Drying Temperature
Avg. ambient temperature
Desiccant dimensions

88

AMA46-3Sum07_90.indd

Green peas
10 kg
75 % (wb)
5 % (wb)
Hisar
29º10´/N
75º46´/E
700 W/m 2
10
12
2.383 kJ/kg
1.115 kg/m3
45 %
1.0 kcal/kg ºK
50 ºC
35-40 ºC
10 cm length
and 1 cm dia

× 3600), kW
It was determined through regeneration studies that 1 kg of developed desiccant adsorbed 140 g of
moisture in 12 hours at 30 ºC.
Amount of desiccant required
Wdes, kg = M2 / Moisture absorb by
1 kg desiccant
One desiccant piece has dimensions of 10 cm length and 1 cm diameter weighs an average of 20 gm.
No. of desiccant required = Wdes /
weight of one piece of desiccant
Development Of Desiccant Material
Forty kg of solid desiccant was
prepa red f rom 60 % benton ite
clay, 10 % calcium chloride, 20 %
vermiculite and 10 % cement and
moulded in shape of cylinders of 10
cm length and 1 cm diameter. The
moulded cylindrical desiccant pieces were kept at 200 ºC for 24 hours
in oven and the regeneration studies
were done in two phases, adsorption
studies and desorption studies.
Desiccant Integrated Solar Dryer
The developed desiccant integrated solar dryer consisting of a f lat
plate solar collector, drying chamber and desiccant unit is shown in
Fig. 1.
The dimension of flat plate solar
collector is 2 m × 1 m and is tilted at
an angle of 30º. A 5 mm plain window glass was used as transparent
cover to avoid heat losses at the top.
The collector air channel depth is 9
cm and the space between the absorber to the transparent glass cover
Table 2 Design Specification of desiccant
integrated solar dryer
Particulars
Specifications
Collector area
2m×1m
Air mass flow rate
0.010 kg/s
Drying unit dimensions 100 cm × 100 cm
× 50 cm
Drying tray area
90 cm × 45 cm
No. of trays
5
Desiccant unit
100 cm × 58 cm ×
dimensions
15 cm
Amount of desiccant
40 kg
No of desiccants
2000

is 9 cm. A metal sheet painted matte
black is used as an absorber plate
to absorb incident solar radiation.
The drying chamber of dimension
1 m × 0.5 m × 1 m was loaded with
five trays (90 cm × 45 cm × 10 cm)
fabricated from plywood and wire
mesh (12 × 12) attached to them.
Desiccant unit was fabricated on
the top of the drying unit with dimensions 100 cm × 58 cm × 15 cm.
Double glazing was provided at the
top of the desiccant unit with an air
gap of 2.54 cm and inclined at 30º
like flat plate solar collector in order
to increase the total energy collected and to reduce the net thermal
loss from the desiccant bed. A perforated sheet was provided to hold
40 kg of solid desiccants below the
double glazing. The space between
the bottom glass cover and the desiccant bed was 10 cm. Two plywood
sheets of 10 mm thickness and sliding over each other were used as
separator between drying unit and
desiccant unit such that they have
circular openings of 4 cm diameter,
one plywood sheet is fixed and other
for sliding over the fixed sheet with
the help of handle for opening and
closing between desiccant unit and
drying unit. Three centrifugal fans
of 100 W each were provided in
the desiccant integrated solar dryer
maintaining static air mass f low
rate through collector, another fan
was used for the desiccant unit to
remove humid air from it during
sunshine hours and the third fan
works during off-sunshine hours to
make closed loop between drying
unit and desiccant unit to pass the
air through desiccant bed such that
air dehumidifies there and moisture
is absorbed by desiccant. The dehumidified air is used to continue
drying of food material during offsunshine hours.

Results and Discussion
To evaluate the performance of
desiccant integrated solar dryer
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without load, the air temperature
and RH were recorded with digital
thermo-hygrometer at various positions in desiccant integrated solar
dryer viz. ambient, collector outlet,
drying chamber and desiccant unit.
The insolation was measured with
digital solar intensity meter at a
regular interval of time.
Performance of Desiccant Solar
Dryer During Sunshine Hours
The performance of desiccant
integrated solar dryer at air mass
f low rate of 0.020 kg/s at no load
condition during the month of May
on a typical day (May 10, 2012) was
carried out and shown in Fig. 2. The
maximum (992 W/m 2) insolation

recorded was at 12:00 hrs whereas
maximum ambient temperature,
collector outlet temperature, dryer
temperature and desiccant temperature were 40.0 ºC, 61.0 ºC, 60.0 ºC,
64.0 ºC, respectively at 14:00 hrs
during the sunshine hours.
Effect of Air Mass Flow Rate on
Drying Air Temperature and Collector Thermal Efficiency
The drying air temperature and
collector thermal efficiency variation with time at three different air
mass flow rates is shown in Fig. 3.
At air mass flow rate of 0.010 kg/s
the drying air temperature increased
from 33.0 ºC at 8:00 hrs to 68.0 ºC
at 14:00 hrs and the collector ther-

Fig. 1 Developed desiccant integrated solar dryer showing drying chamber
and desiccant unit

Fig. 2 Hourly variation of insolation and temperature
during sunshine hours

mal efficiency increased from 23.90
% at 8:00 hrs to 54.02 % at 14:00
hrs. After that the drying air temperature decreased to 37.3 ºC and
collector thermal efficiency to 39.23
% at 18:00 hrs. At air mass flow rate
of 0.015 kg/s, the drying air temperature increased from 32.0 ºC at
8:00 hrs to 65.0 ºC at 14:00 hrs and
the collector thermal efficiency increased from 24.83 % at 8:00 hrs to
72.94 % at 14:00 hrs. After that the
drying air temperature decreased
to 38.0 ºC and collector thermal efficiency to 42.84 % at 18:00 hrs. At
air mass flow rate of 0.020 kg/s the
drying air temperature increased
from 32.0 ºC at 8:00 hrs to 61.0
ºC at 14:00 hrs and the collector
thermal efficiency increased from
37.29 % at 8:00 hrs to 83.03 % at
14:00 hrs. After that the drying air
temperature decreased to 36.0 ºC
and collector thermal efficiency to
49.90 % at 18:00 hrs. The experimental results show that drying air
temperature and collector thermal
efficiency were dependent on the air
mass flow rates. The average drying
air temperature was 53.3 ºC, 51.2
ºC and 48.1 ºC and the average collector thermal efficiency was 41.98
%, 52.24 % and 62.18 % at air mass
flow rate of 0.010 kg/s, 0.015 kg/s
and 0.020 kg/s, respectively.
As the drying air temperature increased from 08:00 hrs to 14:00 hrs
the collector efficiency increased to
maximum and decreased as drying
air temperature deceased from 14:00
hrs to 18:00 hrs. The minimum collector efficiency was 23.90 %, 24.83

Fig. 3 Variation of drying air temperature
and collector thermal efficiency
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% and 37.29 % at 8:00 hrs and the
maximum collector efficiency was
54.02 %, 72.94 % and 83.0 3% at
14:00 hrs at air mass flow rate 0.010
kg/s, 0.015 kg/s and 0.020 kg/s, respectively. The drying air temperature and collector thermal efficiency
were dependent on the air mass flow
rate. The average collector thermal
efficiency was 41.98 %, 52.24 %
and 62.18 % at air mass flow rate
0.010 kg/s, 0.015 kg/s and 0.020 kg/
s, respectively. Similar trends were
observed by Yeh and Lin (1996).
Day and Night Performance of
Desiccant Integrated Solar Dryer
The day and night performance
of desiccant integrated solar dryer
is presented in Fig. 4. During sunshine hours, the ambient temperature increased from 27.0 ºC at 8:00
hrs to 40.0 ºC at 14:00 hrs and then
decreased to 34.0 ºC at 18:00 hrs
whereas the ambient RH deceased
from 31.0 % at 8:00 hrs to 15.0 % at
14:00 hrs and then increased to 22.0
% at 18:00 hrs. The average ambient temperature and RH were 35.6
ºC and 20.6 %, respectively. The
dryer temperature was increased
from 32.0 ºC at 8:00 hrs to 61.0 ºC
at 14:00 hrs and then decreased to
36.0 ºC at 18:00 hrs whereas the RH
decreased from 25.0 % at 8:00 hrs
to 13.0 % at 14:00 hrs and then increased to 22.0 % at 18:00 hrs. The
average dryer temperature and RH
were 48.1 ºC and 17.7 %, respectively. The desiccant bed temperature showed the similar variation
as that of dryer. The average dryer

temperature was 12-16 ºC higher by
average ambient temperature.
Fig. 4 further shows that during
off-sunshine hours, the ambient
temperature decreased from 34.0
ºC 18:00 hrs to 21.0 ºC at 6:00 hrs
whereas the RH increased from 22.0
% at 18:00 hrs to 53.0 % at 6:00 hrs.
The average ambient temperature
and RH were 26.4 ºC and 35.2 %,
respectively. The dryer temperature
decreased from 37.0 ºC at 18:00
hrs to 30.5 ºC at 6:00 hrs and RH
increased from 20.0 % at 18:00 hrs
to 25.0 % at 6:00 hrs. The average
dryer temperature and RH were
32.6 ºC and 22.2 %, respectively.
The average dryer temperature was
6.2 ºC higher than the average ambient temperature and average RH
of dryer was lower by 12.9 % than
average ambient RH showing the
potential of desiccant integrated solar dryer for drying of food material
even during night time operations.

Conclusions

The collector outlet and dryer
temperature were nearly equal,
showing the thermal stability of
desiccant integrated solar dryer. The
performance results of desiccant
integrated solar dryer showed that
ambient temperature, solar insolation and air mass f low rate have
influence on drying air temperature
and collector thermal efficiency. The
average collector outlet temperatures were 53.3 ºC, 51.2 ºC and 48.1
ºC and average collector thermal
ef f iciency wa s
41.98 %, 52.24
Fig. 4 Variation in temperature and RH during sunshine hours % and 62.18 %
and off-sunshine hours
at air mass flow
rate of 0.010 kg/
s, 0.015 kg/s and
0.020 kg /s, re spectively.
It was observed
that the temperature attained in
desiccant u nit
with solar energy
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was sufficient for the regeneration
of the developed desiccant material.
Temperature inside the desiccant
integrated solar dryer was maintained above 31.0 ºC during offsunshine hours. The average dryer
temperature was 5-8 ºC higher than
average ambient temperature during night time showing the drying
potential during off-sunshine hours.
From this study it is concluded that
desiccant integrated solar dryer may
reduced the drying time and hence
is a competitive alternative for solar
drying.
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or partitions. Horizontal lines must be drawn only to
contain the sub-title heads of columns and at the bottom of the table.
h. Express measurements in the metric system and crop
yields in metric tons per hectare (t/ha) and smaller
units in kilogram or gram (kg/plot or g/row).
i. Indicate by footnotes or legends any abbreviations or
symbols used in tables or figures.
j. Convert national currencies in US dollars and use the
later consistently.
k. Round off numbers, if possible, to one or two decimal
units, e.g., 45.5 kg/ha instead of 45.4762 kg/ha.
l. When numbers must start a sentence, such numbers
must be written in words, e.g., Forty-five workers...,
or Five tractors..."instead of 45 workers..., or, 5 tractors.
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