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Abstract: High Post-harvest losses are a major challenge for rice production in sub-Saharan Africa. Threshing grain
damage is one of the crucial factors affecting the quality and quantity losses of rice. This study investigated the effects
of grain moisture content (MC), drum peripheral speed (DS), and spike arrangement (SS) on head rice yield (HRY) for
three Ethiopian grown rice varieties (VAR), taking into consideration the initial condition of the grain. Experiments
were conducted using a factorial design with four factors, and three replications. The results indicated that all the main
effects (VAR, MC, DS, SS) and some of the interaction effects of the independent variables significantly impacted HRY
and milling breakage. FEdiget variety had higher HRY and lower milling breakage, whereas Nerica-4 had lower HRY
and higher milling breakage compared to the other two varieties. As MC increased from 11.44% to 24.01%, the least
square mean HRY increased from 42.5% to 62.4% and milling breakage decreased from 21.9% to 6.8%, respectively.
An increase in drum peripheral speed resulted in a decrease in HRY and an increase in milling breakage. Decreasing the
spike spacing resulted in lower HRY and higher milling breakage. The harvest moisture content was identified as the
most critical factor affecting HRY and milling breakage followed by drum peripheral speed and spike spacing. The
results of this study can be used to develop effective strategies to minimize rice grain damage during mechanical
threshing so as to improve milling quality.
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1 Introduction

Rice, Oryza sativa L., is the fastest emerging
cereal crop in sub-Saharan Africa (SSA) and the
second most important source of energy in Africa

(Arouna et al., 2021). Rice production is increased
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from 26.8 million MT in 2011 to 37.2 million MT in
2021 in Africa (FAO, 2023). However, the total
demand for rice in Africa exceeds local production,
and 40% of the rice consumed is imported (Zenna et
al.,, 2017; Saito et al., 2023; Yuan et al., 2024).
Furthermore, the consumption rate of rice is expected
to increase by 130% in 2035 compared to 2010 (Seck
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et al., 2012), highlighting the urgency for African rice
producers to increase their production capacity
considerably to meet the ever-increasing demand
using local produce.

Despite the increasing rice production in Affica,
little attention has been given to postharvest handling
practices. Current postharvest rice handling practices
in Africa result in a physical loss of about 15%-25%
and a financial loss of 20%—-30% due to poor quality
(Seck et al., 2012). In SSA, up to 50% qualitative loss
is reported (Kebede et al., 2019), and the postharvest
loss of rice in SSA in 2018 was estimated to be
US$ 10.24 billion (Ndindeng et al., 2021), which is
equivalent to 47.63% of the expected total production.
Quantitative loss before and during harvesting was
identified as the main cause, followed by qualitative
loss along the entire value chain. Local rice in Africa,
due to poor post-harvest practices, contains more than
50% broken rice and is of lower quality than imported
rice (Nahemiah et al., 2021; Musa et al., 2024). This
has led to the Ethiopian rice being sold at a lower
price than imported rice in the domestic market
(Manful, 2010).

Threshing practice is one of the most crucial
factors affecting postharvest rice quality and quantity
losses. Rice threshed by mechanical threshers is
prone to grain damage, including grain breakage and
fissuring, whose extent varies with machine-crop
parameters. Improper threshing operation can lead to
a higher rate of breakage, resulting in lower head rice
yield (HRY). HRY, is milled rice comprised of
kernels three-fourths or more the original kernel
length (USDA, 2009). HRY is expressed as a
percentage of the original dried rough rice mass and
varies with various pre-milling factors, including rice
variety, harvest moisture content, and threshing
parameters.

Recent studies continue to affirm and expand
upon the foundational work of Dilday (1989), who
investigated the effects of grain moisture content (MC)
and cylinder speed on rice milling quality using a
Vogel sample thresher across eleven rice varieties.

His findings revealed significant differences in

milling yield among varieties, cylinder speeds, and
grain moisture contents, with HRY notably higher at
a cylinder speed of 600 rpm compared to 1000 rpm.
Similarly, Esgici et al. (2020) and Feliz et al. (2005)
studied effects of cylinder speeds on grain damage in
combine harvester and found that as the cylinder
speed increased the percentage of damaged kernels
increased significantly. This phenomenon occurs
because higher peripheral speeds increase the impact
force exerted on the grains during threshing. Such
forces can exceed the kernel's mechanical resistance,
leading to the formation of internal micro-cracks and
damage that results in breakage during the subsequent
milling process (Yang et al., 2023; Liu et al., 2024)

Numerous studies have demonstrated the
profound impact of MC at harvest on HRY. Generally,
harvesting rice at lower MC levels leads to reduced
milling quality due to increased kernel fissuring and
susceptibility to breakage (Berrio and Cuevas-Perez,
1989; Dilday, 1989; Siebenmorgen et al., 1992;
Andrews et al., 1993; Thompson and Mutters, 2006;
Nalley et al, 2016). However, the relationship
between harvest MC and HRY is not uniform across
all types of rice and is highly dependent on the
specific cultivar. For example, Siebenmorgen et al.
(2007) determined that the optimal harvest MC range
for maximizing HRY wvaried significantly between
long-grain and medium-grain cultivars, highlighting
the unique response of each wvariety to drying
conditions in the field. Similarly, Alwan-Alsharifi et
al. (2017) noted that qualitative characteristics were
influenced by the interaction of moisture content and
machine parameters for specific cultivars. These
findings underscore the complexity of the issue.
Therefore, it is crucial to understand how these
varietal differences in HRY response to harvest MC
interact with different mechanical threshing
conditions, especially for various cultivars grown in
diverse agroecological and agronomic settings. This
justifies the need to study the effect of threshing
machine-crop parameters for different cultivars under
different growing conditions.

Most previous studies in rice threshing with
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stationary = mechanical threshers focuses on
performance issues such as threshing capacity,
threshing efficiency, threshing grain damage and
losses (Ardeh and Gilandeh, 2008; Alizadeh and
Khodabakhshipour, 2010; Naik et al., 2010; Olaye et
al., 2016; Amponsah et al., 2017; Hailemesikel et al.,
2024; Hailemesikel et al., 2025). Little studies have
been conducted in investigating the effect of
machine-crop parameters on HRY. These studies
mainly focus on effects of harvest moisture content
and cylinder speed on HRY. Nothing is reported on
effects of other threshing parameters such as spike
arrangement on HRY. Therefore, this study aimed to
investigate the effects of grain moisture content, drum

peripheral speed, and spike arrangement and their

r 1. Threshing bars
2. Spike tooth
3. Straw thrower

a) threshing drum

interactions on HRY for three locally grown rice
varieties, taking into consideration the initial
condition of the grain. The findings of this study will
help determine machine-crop parameters with the
utmost care for higher HRY and improve rice quality

and quantity losses in sub-Saharan Africa.
2 Materials and methods

2.1 Experimental setup

A mechanical axial flow thresher was used to
conduct the experiment. The thresher had an open
threshing drum with ten evenly spaced threshing bars
and the threshing concave were made from
rectangular steel bar and steel wire as shown in Table

1. Details of the used thresher is depicted in Table 1.

1. Rectangular steel
bar (25mm x 8mm)
2. Wire (6mm)

™)

b) threshing concave

Figure 1 Threshing mechanism threshing drum threshing concave

Table 1 Specifications of the thresher

Parameters Description
Drum diameter (mm) 300
Drum length (mm) 880
Number of threshing bars 10
Spike diameter (mm) 10
Spike length (mm) 80
Number of straw thrower blade 5
Concave clearance (mm) 20
Concave mesh size (L(mm) X W(mm)) 18x28
Cleaning mechanism Oscillating sieve with blowing fan
Oscillating stroke length (mm) 20
Blowing fan number of blade 4

Power source (kW)

10.5 kW diesel engine

The experiment was statistically designed as a
complete randomized factorial design with four
factors and three replicates. The three rice varieties
used in the study were Shaga, Ediget, and Nerica-4,
which are widely cultivated in the study area. The

experiment involved three different harvest moisture
contents, three thresher drum peripheral speeds, and
three thresher spike arrangements. Details of
experimental factors and levels are depicted in Table
2.
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In the study area, it was common for farmers to
use open sun field drying to dry the paddy to an
average moisture content of approximately 11%-13%
wet basis before the paddy is harvested. However,

according to the current best practices, harvesting and

threshing of rice has to be performed at about 22%-24%

moisture content wet basis and followed by
appropriate drying (e.g., sun drying or mechanical
drying), for higher HRY (Butardo and Sreenivasulu,
2019). Based on these practices, three different
harvest moisture contents were selected as a treatment
in the range of 11% to 24% wet basis as depicted in
Table 2.

The experimental drum speed for this experiment
was determined based on previous studies (Dilday,
1989; Sharma et al., 1992; Ardeh and Gilandeh, 2008;
Alizadeh and Khodabakhshipour, 2010; Naik et al.,
2010; Olaye et al., 2016; Amponsah et al., 2017;
Esgici et al., 2020; Hailemesikel et al., 2025) and by
preliminary trials conducted under controlled
threshing conditions. During these trials, various
drum speeds were tested to assess the operational
stability of the thresher, including feeding consistency,
clogging tendency, and grain separation efficiency. It
was observed that speeds below 700 rpm led to
frequent clogging and poor separation, while speeds
above 1050 rpm increased grain damage and caused
excessive vibration. Based on these observations,
three drum rotational speeds—720, 870, and 1020
further

experimentation. Equation 1 commonly used in

rpm—were selected as optimal for
agricultural engineering to convert angular velocity to

linear peripheral speed (Esgici et al., 2020; Yang et

al., 2023), was applied to calculate the drum tip speed
(m s!) for each RPM setting. The results are shown in
Table 2.

v =1 x RPM x 2= (1)
60

Where:
v=drum linear speed, m s;
r=drum radius, m.
RPM=angular speed in revolutions per minute.
In this experiment, three different spike
arrangements based on spacing between spikes or
number of spikes were employed. The spacing
between each spike of 60 mm, 70 mm and 80 mm
along the threshing bar with the number of spikes 120,
100, 80 respectively were considered as a treatment.
This spike arrangements were selected based on
locally available spike tooth type axial threshers.

The experiment was conducted at a constant feed
rate of 600 kg h'! biomass. This feed rate was
established based on the highest possible threshing
capacity and efficiency that can be achieved without
clogging while threshing the highest moisture paddy
(=24%, wet basis) at lowest selected tip drum linear
speed (17.3 m s!). Furthermore, less than 0.2% of
unthreshed grain, most of them were immature, were
observed at the specified conditions during
preliminary test.

A control experiment was also conducted to
distinguish pre-threshing damage from damage
caused solely by the threshing operation. Manual
threshing (hand rubbing) of rice was considered as a
control experiment. Milling experiments were
conducted to determine HRY and milling breakage

using laboratory scale dehulling and milling machine.

Table 2 Details of experimental factors and levels

Experimental Levels
Variables (Designation)
Variety ‘Shaga’ (VAR-1) ‘Ediget’ (VAR-2) ‘Nerica-4’ (VAR-3)
. 24.01 18.58 (MC- 12.42 2343 17.95 12.44 23.80 17.96 11.44
MC (%) wet basis
(MC-1) 2) (MC-3) (MC-1) (MC-2) (MC-3) (MC-1) (MC-2) (MC-3)
24.6 173 (DS- 209 (DS-  24.6 (DS- 173 (DS- 209 (DS- 24.6
DS (ms™) 17.3 (DS-1)  20.9 (DS-2)
(DS-3) 2) 3) 1) 2) (DS-3)
SS (mm) 80 [80] 70 [100] 60 [120] 80 [80] 70 [100] 60 [120] 80 [80] 70 [100] 60 [120]
[spike number] (SS-1) (SS-2) (SS-3) (SS-1) (SS-2) (SS-3) (SS-1) (SS-2) (SS-3)
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2.2 Grain dimensions and maximum breaking

force of the rice grain

Paddy dimensions and brown rice bending
strength for studied varieties were measured for
randomly selected 100 paddy rice grains and the
mean result is presented in Table 3. Shaga is the
shortest grain in length. While Nerica-4 is the longest,
narrowest, and thinnest grain being studied, Ediget is
the thickest and broadest. According to IRRI's
classification of paddy rice length-width ratio, or
grain shape, Ediget and Shaga are medium-grain
varieties, while Nerica-4 is a long-grain variety
(Butardo and Sreenivasulu, 2019). The Stable Micro
System food texture analyzer, model TA. XTplusC,

was used to measure the maximum breaking force.
2.3 Experimental procedures

The three rice varieties under study were grown
for test purpose in North-Western Ethiopia, Amhara
region, Fogera district (11°55'N, 37°42'E, at an
altitude of approximately 1828 meters above sea
level), in the compound of Fogera National Rice
Research and Training Center under rainfed condition
in the period of July to October 2021. The rice
varieties were planted with the manual hand
transplanting method and hand weed management
and other agronomical practices were applied
according to the Fogera National Rice Research and
Training Center (2020).

Table 3 Grain dimensions and maximum breaking force in bending

Variety Length (mm) Width (mm) Thickness (mm) Maximum breaking force (N)
Shaga 7.50+0.35 3.26+0.19 2.134+0.09 28.19+£10.87
Ediget 8.59+0.32 3.59+0.21 2.284+0.10 26.85+11.54
Nerica-4 9.13+0.42 2.76+0.19 1.984+0.13 21.43+£3.74
Once the rice reached maturity, it was harvested weight), g.

manually using sickles at three different moisture
content levels as shown in Table 1, between October
and December 2021. In order to avoid biases due to
field variation and other uncontrolled source of
variation, rice samples to be threshed were harvested
for each test with completely randomized procedure.
All randomizations were determined prior to testing
by a lottery system randomization.

The moisture contents were measured using the
oven dry method as described in Bhattacharya (2013)
as well as the SATAKE MOISTEX digital grain
moisture meter (model SS-8, measurement range
8.7%-40% and accuracy 0.5%) with three replications.
The moisture content on wet basis, MC (%), was
determined using Equation 2 for oven dried samples.
Both approaches resulted in comparable results, with
differences of less than 0.8%.

_ W=Dy

MC =222 % 100 Q)
WW

Where:

MC = moisture content wet basis, %;

Ww = weight of the sample before oven dry (wet
weight), g;

Dw = weight of the sample after oven dry (dry

The threshing experiment was conducted
immediately after harvesting was finished on the
same day, to minimize any other factor that might
cause rice grain quality loss.

Threshing cylinders with three different spike
arrangement were assembled turn by turn to conduct
the experiment as designed. Cylinder rotational
speeds were adjusted by changing the position of
throttle control lever of the engine repeatedly until the
required angular speed is achieved. The rotational
drum speed (rpm) was measured using a Hioki Laser
FT3406,

measuring range 30-9999 rpm).

Tachometer (model accuracy  +2%,

For each treatment combination, threshing
experiment were conducted for 10 minutes with equal
amounts of rice bundles at an average constant feed
rate of 600 kg h' of fresh biomass, with three
replicates.

After each experiment, a sample of lkg were
collected from the grain outlet of the thresher for
laboratory analysis. The samples were sealed in a
plastic bag and stored in a refrigerator at 4°C until

milling experiment were performed.
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Rice grains might be fissured in the field even
before harvesting due to poor preharvest management
and moisture adsorption. Therefore, to investigate and
distinguish pre-threshing damage and grain damage
solely attributed to threshing operation a control
experiment is performed. In doing so, paddy rice is
harvested with sickle manually and threshed by hand
rubbing for each harvest moisture content with three
replications for every studied variety. Threshing by
hand rubbing assumed to cause no grain damage.
Then a sample of 1kg were collected and sealed in a
plastic bag and stored in a refrigerator at 4°C until
milling experiment were performed.

2.4 Laboratory analysis
2.4.1 Milling Experiment

The samples of paddy rice were taken out of the
refrigerator and dried in a room until the moisture
content of the rough rice reaches 11.4%-12.5% wet
basis for all samples, which is a typical moisture
content of paddy for milling (Wazed et al., 2022).
Then 200-gram paddy sample was de-hulled with a
rubber roll de-husker (Model: Satake, THU-35 B,
Japan) for each treatment combination with three
replications.

Preliminary experimental runs were carried out to
determine the approximate duration required to
achieve the desired degree of milling. Brown rice
samples were milled for each treatment combination
using a laboratory-scale Satake abrasive milling
machine (Model: TMO0S5, Satake Corporation, Japan),
operated at variable speeds (800-1,100 rpm) for 2
minutes. The machine accommodates 200 g samples
and uses abrasive rollers (#30-#60 grit) to achieve
controlled milling. Head rice and broken rice were
separated manually. HRY (%) and milling breakage
(%) were calculated using Equations 3 and 4, which
are standard in rice milling quality studies (Rehal et
al., 2017; Butardo and Sreenivasulu, 2019). To
enhance the robustness of the analysis, future studies
should also consider additional quality indicators
such as degree of milling, chalkiness index, and

whiteness index.

Weight head rice

Head rice yield (%) = x 100 3)

Weight paddy sample

Weight broken grain

Milling breakage (%) = x 100 4

Weight paddy sample

2.5 Data analysis

The analysis of variance of general linear model
(GLM), multivariate procedures were deployed using
IBM SPSS statistical package software version 27
(IBM Corp., Armonk, NY, USA). Treatment means
were considered significantly different if p-value, p<
0.05.

Regression analysis was employed to evaluate the
effects of harvest MC, drum tip peripheral speed (DS),
and spike spacing (SS) on HRY and milling breakage
(MBR) across the three rice varieties. Prior to model
fitting, interaction effects were tested using ANOVA,
and although statistically significant, their sum of
squares and F-ratio values were relatively small
compared to the main effects. Therefore, to reduce
model complexity and improve interpretability,
interaction terms were excluded from the final
regression models.

Multiple linear regression models were fitted
using the ordinary least squares (OLS) method.
Model selection was guided by the adjusted R? and
mean squared error (MSE) criteria. All statistical
analyses were conducted using IBM SPSS statistical
package software version 27 (IBM Corp., Armonk,
NY, USA). Significance was assessed at p < 0.001.
The standardized beta coefficients and t-statistics
were used to determine the relative influence of each

predictor variable.
3 Results and discussion

Table 4 presents the ANOVA results for the
effects of independent variables, namely VAR, MC,
DS, and SS, and their interactions on HRY and
milling breakage (MBR). The results indicated that
effects of all the main effects (VAR, MC, DS, SS)
and some of the interaction effects (VAR*MC,
VAR*DS, MC*DS, MC*SS, DS*SS, VAR*MC*DS)
on HRY and milling breakage are highly significant
(p <0.01).
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Table 4 ANOVA results of effect of VAR, MC, DS, SS, and their interaction on HRY and milling breakage

Dependent Variables
Source df HRY MBR
Mean Square F Mean Square F
Corrected Model 80 117.75 862.23%* 73.80 972.54**
Intercept 1 736088.45 5390054.37** 40396.19 532380.56**
VAR 2 2245.87 16445.51%* 569.81 7509.46%*
MC 2 2016.98 14769.45%* 1986.77 26183.62%*
DS 2 220.43 1614.08** 211.52 2787.66**
SS 2 34.26 250.86** 23.85 314.30%*
VAR *MC 4 79.17 579.75%* 64.61 851.44**
VAR * DS 4 2.37 17.34%* 1.67 21.98%*
VAR *SS 4 0.12 0.90™ 0.34 4.50*
MC * DS 4 4.92 36.05%* 5.00 65.95%*
MC *SS 4 1.02 7.45%* 0.69 9.09**
DS *SS 4 2.65 19.39%* 1.36 17.93%*
VAR *MC * DS 8 1.66 12.14%* 1.71 22.51%*
VAR *MC * SS 8 0.18 1.28" 0.35 4.61%*
VAR * DS *SS 8 0.40 2.94* 0.17 2.25%
MC *DS *SS 8 0.40 2.92%* 0.62 8.13%*
VAR *MC * DS * SS 16 0.18 1.28" 0.14 1.84*
Error 162 0.14 0.08
Total 243
Corrected Total 242

Note: ** Significant at p <0.01,
3.1 Studied Variety Response on HRY and Milling

Breakage

The least square (LS) mean percentage of HRY
and milling breakage for experimental and control
group is shown in Table 5. The LS mean result,
showed that there is statistically significant difference
among the varieties in HRY and milling breakage
according to the LSD test (p <0.05).

The result indicated that, the variety Shaga which
is the shortest grain, gives significantly higher HRY
and lower milling breakage followed by Ediget and

Nerica-4 for both experimental and control group as

*significant at p <0.05, ™ not statistically significant.

shown in Table 5. On the other hand, Nerica-4, which
is a long and slender grain variety, had lowest HRY
and highest milling breakage. This can be attributed
to the variation in kernel size, as longer, narrower,
and thinner kernels are more susceptible to breakage
due to abrasion during milling. Therefore, it is
reasonable to expect that long grain rice varieties
have lower HRY and higher milling breakage
compared to shorter or medium grain varieties, as
observed in prior studies (Goodman and Rao, 1985;
Kalpanadevi et al., 2019; Xiao et al., 2023).

Table 5 LS mean HRY and MBR for studied varieties

Variety Mean MBR (%) Mean HRY (%)
Hand threshed Axial thresher Hand threshed Axial thresher
Shaga 7.942 10.85? 61.75° 58.522
Ediget 9.08° 11.93° 60.72° 57.62°
Nerica-4 10.81¢ 15.89¢ 54.49¢ 48.98¢

Note: *° Means within the same column with the same letter superscript are not significantly different at p <0.05

Furthermore, there is a significant variation
among varieties in average bending force to break
brown rice as shown in Table 3. The lowest average
breaking force in bending of 21.43N was recorded for
Nerica-4. This could result in lower HRY, as it was
previously reported by Lu and Siebenmorgen (1995)
and more recent studies (Odek and Siebenmorgen,
2019; Li et al., 2022). The other reason for the

difference in HRY could be because of the difference
in physicochemical properties, such as grain hardness
(Nassiri and Etesami, 2016; Kalpanadevi et al., 2019;
Xiao et al., 2023), amylose content (Yadav and Jindal,
2008; Kalpanadevi et al., 2019; Yang et al., 2023;
Pérez-almeida et al., 2025), and bran fat (Kalpanadevi
et al., 2019; Yang et al., 2023; Liu et al., 2024), gel
consistency (Yadav and Jindal, 2008; Devika et al.,
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2024).
3.2 Effect of moisture content on HRY and milling
breakage

LS mean percentage of HRY and milling
breakage for experimental and control groups, at
various grain moisture contents is depicted in Figures
2 and 3. The result revealed that, that highest HRY
and lowest milling breakage is observed at MC-1
(23.43%-24.01%). The findings also indicated that a
decrease in moisture content resulted in a lower HRY
and higher in milling breakage. These findings align
with recent studies showing that rice harvested at
higher better
outcomes (Ilieva et al., 2014; Bhuiyan et al., 2024). A

decrease in moisture content resulted in lower HRY

moisture content yields milling

and higher milling breakage, consistent with earlier
findings (Dilday, 1989; Sharma et al., 1992; Andrews
et al., 1993; Nalley et al., 2016). This could be due to
rapid rewetting of paddy after the MC fell below the

critical MC (15% or lower) (Siebenmorgen et al.,
1992; Prakash et al., 2019; Mihretu, 2025). This leads
to higher rate of fissuring which in turn resulted in
higher rate of milling breakage and lower HRY.

In the present study it was assumed that HRY and
milling breakage observed in hand threshed samples
(control group) were not attributed to threshing
operations. In other word, it was assumed that,
threshing by hand rubbing could not cause damage to
the grain. Therefore, the difference between the HRY
and milling breakage observed in the samples
threshed by the test thresher and those threshed
manually represents the net contribution of the
threshing operation to these factors. This net effect
can be easily visualized as the shaded region in
Figures 2 and 3, which display the net contribution of
threshing operation on HRY and milling breakage,

respectively.

65 1 651 60 -
~ ~ ~ 55 |
60+ 60+ >
> > >
5 = 5201
O ) O
= = =
»2 55+ v2 55+ n
= = HRY - Axial thresher = = 451
—— HRY - Hand threshed
@ HRY reduction caused
by threshing operation
50 " T r 50 " T : 40 : . .
12.4 18.6 24.0 12.4 18.0 234 11.4 18.0 23.8
MC (%) MC (%) MC (%)
(a) Shaga (b) Ediget (¢) Nerica-4

Figure 2 Effect of harvest moisture content on HRY

As it is depicted in Figure 2, the net mean effect
of threshing operation on the decrement of HRY,
which is the arithmetic difference between HRY of
hand threshed and machine threshed samples, resulted
in the range of 2.59% to 3.43% for Shaga and 2.4%
to 4.04% for Ediget and 3.35% to 6.61% for Nerica-4
as the harvest MC decreases from MC-1 (=24%) to
MC-3 (=12%). With similar analogy the range of net

milling breakage increment due to threshing
operation would be 2.44% to 3.1% for Shaga and
2.33% to 3.73% for Ediget and 2.82% to 6.4% for
Nerica-4 as the harvest MC decreases from MC-1
(=24%) to MC-3 (=12%).

Furthermore, the result revealed that, the impact
of the threshing operation on the decrement of HRY

and increment of milling breakage increases with
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decreasing moisture content. This suggests that as

moisture levels at harvest decrease, threshing

becomes more damaging to the rice grains. Moreover,

Figures 2 and 3 indicate that the Nerica-4 variety is

22+
———MBR in Axial thresher
204 == MBR in Hand threshed
@ MBR caused by threshing
-~ 184 operation
< 16
[
m
p=
g
Q

more severely affected by threshing operations than
the other studied varieties. This could be due to the

factors discussed in Section 3.1.

124 186 240 12.4 18.0 234 114 18.0 238
MC (%) MC (%) MC (%)
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Figure 3 Effect of harvest moisture content on milling breakage

3.3 Effect of drum peripheral speed on HRY
and milling breakage

Table 6 displays the LS mean percentage of HRY
and milling breakage of the studied varieties at

various drum peripheral speeds. The LS mean result

indicated that, as the drum peripheral speed increased,
HRY decreased and milling breakage increased
significantly based on LSD (p <0.05) for all studied

varieties.

Table 6 LS mean HRY (%) and MBR (%) at different DS

Variety DS (ms™) HRY (%) MBR (%)
17.3 60.322 8.90*
Shaga 20.9 58.29° 11.01°
24.6 56.93¢ 12.66¢
17.3 59.534 10.374
Ediget 20.9 57.6° 12.07¢
24.6 55.74f 13.55F
17.3 50.328 14.448
Nerica-4 20.9 49.01h 15.85"
24.6 47.61 17.39

Note: * Means within the same column with the same letter superscript are not significantly different at p <0.05

As shown in Table 6, as the drum peripheral
speed increased from 17.3 to 24.6 m s! the LS mean
HRY decreased from 60.32% to 56.93% for Shaga,
59.53% to 55.74% for Ediget and 52.7 to 49.99% for
Nerica-4. In contrast, the LS mean milling breakage
increased from 8.9% to 12.66% for Shaga, 9.54% to

12.52% for Ediget, and 15.44% to 18.39% for
Nerica-4. This can be attributed to the fact that higher
drum peripheral speed leads to a greater impact force
on the rice kernels and can cause the grains to be
thrown and collide with the drum and concave walls,

resulting in damage. As a result, higher drum
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peripheral speed results in lower HRY and higher
milling breakage. These findings are consistent with
previous studies that demonstrate a negative
correlation between drum tip speed and HRY, and a
positive correlation with milling breakage (Dilday,
1989; Esgici et al., 2020).
3.4 Effect of spike spacing on HRY and milling
breakage

Table 7 showed the LS mean percentage of HRY
and milling breakage for the studied varieties at
different spike spacings. The results indicated a
decrease in HRY and an increase in milling breakage

as the spacing between the spikes decreased or the

number of spikes per unit surface area of the drum
increased. Specifically, as the spike spacing decreased
from 80 mm to 60 mm, the LS mean percentage of
HRY decreased from 59.12% to 57.86% for Shaga,
58.33% to 56.88% for Ediget, and 51.93% to 50.74%
for Nerica-4. In contrast, the LS mean milling
breakage increased from 10.19% to 11.50% for Shaga,
10.65% to 11.52% for Ediget, and 16.37% to 17.45%
for Nerica-4. This could be because as the number of
spikes increases, the grains are hit more frequently by
the spikes, leading to a higher percentage of fissured

and broken grains, that could result in lower HRY.

Table 7 LS mean HRY (%) and MBR (%) at different SS

Variety SS (mm) HRY (%) MBR (%)
80 59.12° 10.19*
Shaga 70 58.57° 10.88"
60 57.86° 11.50°
80 58.33¢ 11.48°
Ediget 70 57.65¢ 11.97¢
60 56.88¢ 12.35¢
80 49.55¢ 1537
Nerica-4 70 49.03" 15.87¢
60 48361 16.441

Note: *h Means within the same column with the same letter superscript are not significantly different at p <0.05

3.5 Effect of the independent variables interaction
on HRY and milling breakage

Tables 8 and 9 present the mean interaction effect
of the independent variables on HRY and milling
breakage. The results showed that Nerica-4 variety

had the lowest HRY and highest milling breakage at

the lowest moisture content (MC-3), highest drum
speed (DS-3), and shortest spike spacing (SS-3). In
contrast the highest HRY and lowest milling breakage
was recorded for Shaga variety at highest moisture
content (MC-1), lowest drum peripheral speed (DS-1)
and widest spike spacing (SS-1).

Table 8 Mean HRY (%) for interaction VAR*MC*DS*SS

DS (ms') X SS (mm

Variety MC (%) 17.3 20.9 24.6
LS Mean
80 70 60 80 70 60 80 70 60

24.01 63.9 63.1 62.9 62.7 62.3 62.1 62.3 61.4 60.6 62.42
Shaga 18.58 60.8 60.8 60.3 58.5 58.0 57.2 57.5 56.4 55.2 58.3b
12.42 57.0 57.2 56.8 55.2 54.8 53.8 54.1 53.2 51.6 54.9¢
23.43 63.3 63.2 62.9 62.7 61.7 61.6 60.9 60.5 60.2 61.9¢
E Ediget 17.95 60.0 59.7 59.4 58.3 57.7 56.8 57.3 55.9 54.4 57.7¢
§ 12.44 56.0 55.9 55.4 54.1 533 523 52.4 51.0 49.0 53.3f
o 23.80 58.1 57.4 57.2 56.8 56.3 55.8 55.3 55.0 54.5 56.3¢
Nerica-4 17.96 49.9 49.7 49.0 49.1 48.5 479 47.6 46.5 455 48.0h
11.44 44.6 43.9 432 42.7 42.6 41.5 419 414 40.7 425
LS Mean 57.1 56.8 56.3 55.6 55.0 54.3 54.4 53.5 524 55.0
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Note: * Means within the same column with the same letter superscript are not significantly different at p <0.05
Table 9 Mean MBR (%) of interaction of VAR*MC*DS*SS
DS (ms™) X SS (mm)
Variety MC (%) 17.3 20.9 24.6
80 70 60 80 70 60 80 70 60 LS Mean
24.01 4.76 5.66 59 6.12 7.16 6.91 8 8.5 8.52 6.8%
Shaga 18.58 8.88 9.1 9.7 113 11.9 12.8 12.4 14 15 11.6°
12.42 11.9 11.8 12 13.8 143 14.9 14.6 16 17.4 14.1¢
< 23.43 6.37 7 6.8 7 7.3 7.44 7.7 8 8.41 7.3¢
;; Ediget 17.95 9.86 9.93 10 11.8 11.9 12 124 14 14.1 11.7°
E 12.44 14.2 14.4 15 16.3 17.2 17.8 17.7 19 19.8 16.7¢
aQ 23.80 6.86 7.81 8 8.41 8.98 9.45 9.91 10 10.8 8.9f
Nerica-4 17.96 14.8 15.1 16 16.1 16.4 16.9 17.7 19 19.8 16.8°
11.44 20 20.4 21 219 22 22.6 22.6 23 23.6 21.9¢
LS Mean 10.8 113 11.6 12.5 13.0 13.4 13.7 14.4 153 12.9

Note: & Means within the same column with the same letter superscript are not significantly different at p <0.05

Two-way contour plots were used to scrutinize
the relationship between each of the independent
variables (MC, DS, and SS) and their effect on HRY
and milling breakage for all studied varieties. The
contours represent HRY in Figures 4, 5 and 6 and
milling breakage in Figures 7, 8 and 9. As it is
depicted in Figures 4 and 7 MC and DS are
negatively interacted, that means higher MC and
lower DS more likely to produce higher HRY and
lower milling breakage and vice versa. The plots also

indicate that the effect of MC is stronger than that of

DS. Figures 5 and 8 showed that a positive interaction
between MC and SS, with higher MC and wider SS
that resulted in higher HRY and lower milling
breakage and vice versa. The plots clearly reveals that
the effect of SS is very weak than that of MC.
Furthermore, as it is depicted in Figures 6 and 9 SS
and DS are negatively interacted, that means larger
SS and lower DS leading to higher HRY and lower
milling breakage and vice versa. The plots also
indicate that the effect of DS is stronger than that of
SS.
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Figure 5 Two-way Contour Plots: Interaction effects of MC*SS on HRY
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3.6 Regression analysis

The sum of squares and the F-ratio values are
quite small for interaction effects in comparison to
the main effects, despite the fact that the interaction
This that the

variability resulting from interaction effects is less

effects are significant. suggests
important or can be captured by the group mean. As a
result, regression models were fitted using the
adjusted R2 and MSE criterion, by omitting the
interaction effect to reduce the complexity of the
model. Therefore, the prediction variables of harvest
MC (%), DS (m s!), and SS (mm), were used to
regress the dependent variables of HRY and milling
breakage.

The independent variables significantly predict

HRY and milling breakage for all studied varieties, at
p <0.001, as shown in Table 10 and Table 11. The R’
values indicated that the models accounted for 95.5%,
97.1%, and 98.0% of the variance in HRY, and
93.3%, 97.6%, and 97.4% of the variance in milling
breakage for the Shaga, Ediget, and Nerica-4
varieties, respectively.

The regression coefficients of the independent
variables indicated that harvest moisture content and
spike spacing positively influenced HRY, while
negatively influencing milling breakage for all the
studied varieties. Conversely, drum peripheral speed
negatively influenced HRY, while positively
influencing milling breakage for all the studied

varieties, as shown in Table 10 and Table 11.

Table 10 Regression results of HRY (%) under different threshing conditions

Model Shaga Ediget Nerica-4
B Beta t Sig. B Beta t Sig. B Beta t Sig.
(Constant) 51.94 52.30 .000 4935 54.55 .000 32.95 30.55 .000
MC (%) 0.65 0.88 36.29 .000 0.78 0.89 46.02 .000 1.11 0.97 60.54 -000
DS (m sec™) -0.46 -0.40 -16.39 .000 -0.52 -0.39 20.22 .000 -0.37 -0.19 -11.98 -000
SS (mm) 0.06 0.15 6.13 .000 0.07 0.15 7.70 .000 0.06 0.08 5.23 -000
F(3,77) 541.07 .000 862.15 .000 1278.80 .000
R? 0.955 0.971 0.980
Table 11 Regression results of milling breakage (%) under different threshing conditions
Model Shaga ' Ediget ' Nerica-4 '
B Beta t Sig. B Beta t Sig. B Beta t Sig.
(Constant) 16.01 13.28 .000 21.78 25.67 .000 29.73 25.02 .000
MC (%) -0.62 -0.84 -28.67 .000 -0.86 -0.94 -53.45 .000 -1.04 -0.96 -51.76 .000
DS (m sec™) 0.51 0.44 15.00 .000 0.41 0.30 16.94 .000 0.40 0.22 11.82 .000
SS (mm) -0.07 -0.15 -5.22 .000 -0.04 -0.09 -4.95 .000 -0.05 -0.08 -4.32 .000
F(3,77) 358.01 .000 1055.98 .000 945.93 .000
R? 0.933 0.976 0.974

Equations 5, 6, and 7 illustrate the regression
equations for the HRY of the Shaga (HRYs), Ediget
(HRYE), and Nerica-4 (HRYn) varieties, respectively.
Equations 8, 9, and 10 illustrate the regression
equations for the milling breakage (MBR) of Shaga
(MBRs), Ediget (MBRg), and Nerica-4 (MBRy)

varieties, respectively.
HRYs (%) = 51.943 + (0.646 x MC (%)) —
(0.464 x DS (m/s)) + (0.0633 x SS (mm)) (5)

HRYg (%) = 49.354 + (0.785 x MC (%)) —
(0.519 x DS (m/s)) + (0.0722 x SS (mm)) (6)

HRYy (%) = 32.950 + (1.109 x MC (%)) —
(0.372 x DS (m/s)) + (0.059 x SS (mm)) (7)

MBRg (%) = 16.008 — (0.619 x MC (%)) +
(0.515 x DS (m/s)) — (0.0653 x SS (mm)) (8)

MBR ;(%) = 21.776 — (0.855 x MC (%)) +
(0.408 x DS (m/s)) — (0.043 x SS (mm)) (9)

MBRy (%) = 29.727 — (1.044 x MC (%)) +
(0.404 x DS (m/s)) — (0.054 x SS (mm)) (10)
The influence of each variable on HRY and
milling breakage for all studied varieties, are
indicated by standardized beta coefficients and t
statistic in Table 10 and Table 11. Results indicated
that harvest moisture content, with the highest
beta coefficient and t-statistic, was the most

influential factor affecting HRY and milling
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breakage for all the studied varieties, followed

by drum peripheral speed and spike spacing.
4 Conclusion

This study examined the impact of different
factors on HRY and milling breakage in three rice
varieties, Shaga, Ediget, and Nerica-4. The results
indicated that all the main effects and some of the
interaction effects of the independent variables,
including variety, harvest moisture content, drum
peripheral speed, and spike spacing, significantly
impacted HRY and milling breakage. Shaga variety
(the shortest variety under study) had higher HRY
and lower milling breakage, whereas Nerica-4 (the
longest variety under study) had lower HRY, and
higher milling breakage compared to the other two
varieties. The impact of harvest moisture content was
greater than the other factors, as MC increased HRY
increased and milling breakage decreased.
Furthermore, the result revealed that, as moisture
content levels at harvest decrease, mechanical
threshing becomes more damaging to the rice grains.
As the drum peripheral speed increased, HRY
decreased and milling breakage increased
significantly for all studied varieties. Decreasing the
spike spacing or increasing the number of spikes per
unit surface area of the drum negatively impacted
HRY and positively impacted milling breakage.
Regression analysis of the data indicated that the
harvest moisture content was the most critical factor
affecting HRY and milling breakage percentage,
followed by the drum peripheral speed and spike
spacing. These findings can be used to develop
effective strategies to minimize rice grain damage

during rice milling.
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