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RELATIONSHIP BETWEEN SOIL MOVEMENT AND POWER CONSUMPTION IN A
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ABSTRACT

Small, handheld furrow openers using rotary blades usually have limited power, making it necessary to
minimise their operating power consumption, which mainly occurs with the soil throwing and movement of
rotary blades. To this end, it is necessary to investigate the power consumption of such tillage implements,
particularly the relationship between their power consumption and operating conditions based on soil
movement patterns. In this study, we performed a field test of a furrow-opening rotary blade using round,
physical tracers to monitor soil movement. The total power consumption of the rotary blade was positively
related to the operating depth of the blade but was not related to the soil movement distance. The total
power consumption peaked at 6.677 kW at a forward speed of 0.3 m/s, which was negatively related to the
forward speed, but positively related to the soil movement distance. At a blade rotational speed of 340 rpm,
the total power consumption peaked at 4.385 kW and was positively related to the blade rotational speed
and soil movement distance. Therefore, it was concluded that by decreasing the rotary blade rotational
speed and operating depth and increasing the forward speed, the power consumption of the unit working
length can be reduced.
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INTRODUCTION

Small, handheld furrow openers are widely used for preparing small field patches, particularly those in
hilly and mountainous regions, owing to their better manoeuvrability in small spaces, lower power
consumption, and greater slope-climbing capability as compared with large furrow openers. These furrow
openers usually use disc-type rotary blades fixed to a rotating shaft (Figure 1a). To reduce the power
consumption of such furrow openers, the resistance force on their rotary blades needs to be minimised
(Matin et al., 2015), making it necessary to investigate the occurrence mechanism of the resistance. The
resistance on rotary blades is the reacting force of their soil-cutting force (Kataoka et al., 2002; Ani et al.,
2018). The occurrence mechanism of the resistance has been investigated using various methods. Li et al.
(2018) investigated the occurrence mechanism of the resistance on rotary blades using smoothed particle
hydrodynamics and Taguchi methods. Asl et al. (2009) developed a mathematical model for predicting the
power requirement of rotary blades and equations for quantifying blade surface area per unit volume of soil
tilled, thereby optimising blade structure for resistance minimisation. Salokhe et al. (2002) experimentally
investigated the resistance on reverse and traditional rotary blades operating at different rotational speeds in
clay soil. Yang et al. (2015) developed a soil-cutting model of rotary blades using a finite element method,
observing that the power consumed during soil cutting mainly consisted of kinetic and internal power, with a
ratio of kinetic power to internal power of 1:9.5. Chertkiattipol et al. (2010) investigated the resistance on
rotary blades at different temporal phases by measuring their coordinates at various time points. In addition,
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past research into the effect of the structure of rotary blades on their cutting force has also been investigated
(Ahmadi et al., 2017; Fajardo et al., 2014; Mollazade et al., 2009). Furrow opening using rotary blades
involves moving soil outside of the furrow (Lee et al., 2003), with the kinetic and potential energies required
for moving soil provided by the rotary blades. Thus, soil movement patterns affect the energy consumption of
rotary blades (Shibusawa, 1993). Ucgul et al. (2017; 2018b) investigated the soil movement and tillage force
of a mouldboard plough and rotary spader through discrete element modelling. Li et al. (2019) marked soil
layers using physical tracers and analysed soil movement using a digital image processing technique. Haas
et al. (2018) measured soil movement using different corpuscular metal tracers and a metal detector.
Grayling et al. (2018) traced particle movement in soil using X-ray micro computed tomography. He et al.
(2016) investigated the penetration force of a shovel-type furrow opener using a finite element method. The
soil movement and cutting force of various tillage implements have been investigated. Traction-type
implements involve only in-situ soil movement (Qin et al., 2018). In contrast, furrow-opening rotary blades
involve soil cutting, crushing, and throwing (Harrison, 1978). This process involves both short- and long-
distance movement of scattering soil (Figure 1b), thereby moving soil from inside the furrow to targeted
positions outside of the furrow. The power consumption of this process constitutes the majority of the power
consumed by the furrow-opener. Thus, the soil movement patterns are key to the occurrence mechanism of
the resistance on rotary blades.

In this study, the relationship between furrow-opening rotary blades and operating conditions was
investigated based on soil movement pattern, and an optimal level of energy consumption of the furrow-
opening rotary blade under different operating conditions was determined.

Physical tracers are most appropriate for tracing the soil movement and throwing operations of
furrow-opening rotary blades. However, tracers used in previous experiments were large, heavy, and mostly
polyhedral, features which are not appropriate for tracing the soil movement and throwing of furrow-opening
rotary blades (Rahman et al., 2005; Viktor et al., 2018; Solhjou et al., 2012). In this study, a small-diameter
round tracer similar to a soil pellet was used to investigate the soil throwing and movement produced by
furrow-opening rotary blades, and their power consumption was investigated in relation to the operating
conditions and soil movement pattern.

Moving soil

>

Rotary blades
L 4

Rotating shaft Rotary blades

(@) (b)
Fig. 1 - Furrow-opening rotary blade
(a) Small handheld furrow-opening rotary blades and soil movement during operation;
(b) Soil throwing and movement of furrow opening rotary blades

MATERIALS AND METHODS
Field test platform

A field test platform was established to measure the soil movement and cutting force of furrow-opening
rotary blades when the rotary blades were operating (Figure 2). The platform consisted of a frame, 48-V
power source, forward drive motor, motor speed controller, gasoline engine, gear box, chain drive for driving
the rotary blades, shaft for mounting the disc blades, torque sensor, computer, furrow-depth adjustment unit,
traction wheels, and depth roller. The power source provided power to the driving motor, which drove the
traction wheel to move forward. The forward movement speed of the platform was adjusted through the
motor speed controller. The gasoline engine drove the shaft (on which the discs blades were mounted)
through the gear box and chain drive. The output speed of the gear box could be adjusted to four different
levels. The shaft rotated at high speeds to drive the furrow-opening rotary blades. The torque sensor was
fixed to a position between the gasoline engine and shaft for measuring in real-time the rotational speed and
power consumption (torque and power, respectively) of the rotary blades; torque and power measurements
were collected every second. Measurements were inputted into the computer through a wireless transmitter
and were displayed on the computer screen. The data acquisition software (Labview) collected torque and
power measurements according to the current frequency, and automatically output the total power
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consumption for a given period. The soil cutting depth of the rotary blades was adjusted by modifying the
distance between the frame and depth roller through the operating depth adjustment unit.
(ERIT ’ T ‘ 7 a S = o e Bl

Fig. 2 - Field test platform
1 - Frame; 2 - Power source; 3 - Forward drive motor; 4 - Motor speed controller; 5 - Gasoline engine; 6 - Gear box;
7 - Chain drive; 8 - Shaft for mounting blade discs; 9 - Torque sensor; 10 — Computer; 11 - Operating depth adjustment unit;
12 - Traction wheel; 13 - Depth roller
Rotary blade

The rotary blade used for the test had lateral and forward cutting edges (Fig. 3a). The cutting edges
were in different spatial planes, with the lateral cutting edge represented using coordinate system oxyz and
the forward cutting edge represented using coordinate system OpXbYbZh. The radius of gyration of the rotary
blade, R, measured 260 mm. The lateral and forward cutting edges were in-plane isometric spirals. The
lateral cutting edge was represented in plane coordinate system OXyZ and can be described using Eq. (1):

p=168+3.76 Q)
where: 6 represents the polar angle of the spiral, with the polar angle at the starting point of the spiral 6, = 0°
and at the ending point 6, = 22.3°; and p is the polar radius of the spiral, with the polar radius at the starting
point of the spiral po = 168 mm and at the ending point p, = 250 mm.

The plane of the forward cutting edge deflected around line | at an angle of ¢ = 74°, with the angle
between line | and x-axis 8 = 58°. The forward cutting edge was represented in plane coordinate system
OpXbYb and can be described using Eqg. 2:

r=214+3.26 2)
where: 0 is the polar angle of the spiral, with the polar angle at the starting point of the spiral 5 = 0° and at
the ending point &, = 12.6°; and r is the polar radius of the spiral, with the polar radius at the starting point of
the spiral ro = 184 mm and at the ending point r, = 212 mm.

The widths at the root, deflection, and tip of the blade, hs, hz, and hs, measured 32, 47, and 56 mm,
respectively. Five blades were arranged circumferentially at an equal angular distance to form a disc (Figure
3b). The radius of gyration of the disc measured 300 mm. The blades were made using 65 Mn steel, which
had a density of 7.83 x 10% kg-mm-2, modulus of elasticity of 2.06 x 101! Pa, and Poisson ratio of 0.35.
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Fig. 3 - Rotary blade
(a) lllustration of the structure of the rotary blade; (b) Rotary blade disc
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Physical tracers
Small, physical tracers made from silica gel were used, each measuring 0.6 g in weight, 6 mm in

diameter, 5.3 g/cm?3 in density, and an elasticity modulus of 1.2 GPa (Figure 4). Owing to similar material
properties found within soils, the tracers were mixed into soils to monitor the soil movement of the furrow-
opening rotary blade. Tracer pellets were numbered (1-30), and their movement was used to represent soil
displacement.

600660600000
008060000

0209000000

Fig. 4 - Tracer pellets

Methods
Configuration of tracer pellets in soil
An area of farming field measuring 5 x 1 m was randomly selected for the test. Numbered tracer pellets

were then placed in the test area as follows: tracer pellets for each 5 cm soil layer (altogether five rows of tracer
pellets; Fig. 5), with the distance between tracer pellets measuring 4 cm in the width direction and 100 cm in the
travel direction length (four lines of tracer pellets in the width direction and six columns of tracer pellets in the
travel direction; Fig. 5). To present the position of the tracer pellets, a coordinate system XYZ was established,
with the X-, Y-, and Z-coordinates representing the travel, width, and depth directions, respectively. A total of 120
tracer pellets were used for this configuration, with each pellet representing the soil volume around it. Thus,
movement of the tracer pellets represented the soil movement of the furrow-opening rotary blade.

soil

tracer pellet
6column /

Scolumn

4column . "
Jline MNES4line

1line \\ /
3column =00

Irow
o
2¢ 21ow
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3row <
4row
51‘0\\/ Icolumn

Fig. 5 - lllustration of tracer pellet configuration

Definition of test variables
The experiment was performed at the four operating depths of the furrow-opening rotary blade (5, 10,

15, and 20 cm), three forward speeds of the platform (0.3, 0.5, and 0.7 m/s), and three rotational speeds of the
rotary blade (170, 255, and 340 rpm). Only one of the three variables was varied at a time. Thus, the test was
performed at a total of ten levels, so that the effect of each of the variables on the soil movement and power
consumption of the rotary blade was investigated. Table 1 shows the soil parameters.

Table 1
Main soil parameters of test field

Parameters Value
Bulk density [t-m-¥] 1.31
Wet density [t-m-3] 1.8
Soil texture Clay Ioar_n

(23.60% clay, 40.82% silt, 35.55% sand)

Dry basis soil moisture content [%] 28.98
Soil cohesion [kPa] 45'01(0(3_2;2125_5564;53_6 om).
Soil con index [kPa] 695(0 cm), 994(5 cm), 1207(10 cm)
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Experimental procedure and data collection

Tracer pellets were buried in holes drilled in the soil according to the configuration in Figure 6(a). The
rotary blade discs were fixed onto and driven by the rotating shaft of the field test platform for furrow opening
(Figure 6(b)). For each level of the experiment, the platform was operated for furrow opening along the first line
of tracer pellets in the width direction (because the rotary blades threw soil to the two sides symmetrically, soil
movement at only one side was measured). Thus, the first line of tracer pellets was the centre of action of the
rotary blade. Each level of the experiment was performed five times, with the measurements averaged for
subsequent analyses. Measurements of the movement distance of the tracer pellets (Figure 6(c)), instantaneous
torque (instantaneous power), and total power consumption (Figure 6(d)) were obtained from the experiment.

(@) (b) _ © (d)
Fig. 6 - lllustration of test procedure
(a) Tracer pellets set; (b) Platform; (c) Data measurements; (d) Power consumption collected

Methods for obtaining measurements of tracer pellet movement

Measurements of tracer pellet movement in the travel, width, and depth directions (i, j, and z, respectively)
represented in the coordinate system defined above were obtained from the experiment and used to compute
overall tracer pellet movement distance, L, using Equation 3:

L=4i*+j*+2° A3)

Methods for obtaining measurements of instantaneous torque (instantaneous power) and total power
consumption

Measurements of instantaneous torque obtained by the torque sensor were collected every second and
were then used to compute instantaneous power using Equation 4:

= T_n (4)
9550
where:

P is the power (kW), T is the torque (N*m), and n is the rotational speed of the rotary blade (rpm).

At the end of each level of the test, the computer provided the output of the total power consumption for
the entire length of travel (5 m) by analysing the measurement data using LabVIEW. Through the Origin8.5
software analysed the data and obtained the standard deviation of homogeneous data (error bars) and
significant difference of inhomogeneous.

RESULTS AND DISCUSSION
Effect of operating depth on soil movement

When the blade rotational speed (225rpm) and forward speed (0.5m/s) were held constant, the movement
distances of the first and second lines of tracer pellets were larger than those of the third and fourth lines, with
the movement distance of the fourth line being the smallest. The first line was located at the centre of action of
the rotary blade, the second line was close to the centre of action, and the third and fourth lines were gradually
farther away from the centre of action. This indicates that the soil movement distance was the largest at the
centre of action and decreased as the distance from the centre of action increased (Figure 7-10).

In Figure 7 through 10, the tracer movement distance consisting of movement in the travel, width, and
depth directions is presented by the line charts, and the proportional relationship between the three components
is presented by the pie charts. The proportional relationship of the three components showed that, for all soil
layers at all different operating depths, the movement distance in the travel direction is larger than that in the
width direction, followed by that in the depth direction. This indicates that, at all blade operating depths, the soil
movement distance in the travel direction is larger than that in the width direction, followed by that in the depth
direction.
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Additionally, the proportion between the soil movement distances in the travel, width, and depth directions
was not related directly to the operating depth. At all operating depths, the proportion of movement distance in
the depth direction to the overall movement distance of deeper tracer pellets was larger than that of shallower
tracer pellets. This indicates that the proportion of soil movement distance in the depth direction to the overall soil
movement distance increased as the depth of the soil layer increased.

At a blade operating depth of 20 cm, for all lines of tracer pellets, the movement distance of the second
row was the largest, and that of the fifth row was the smallest. As the numbering of the tracer pellet row
decreased, the proportion of the tracer movement distance in the width direction in the overall tracer movement
distance exhibited an increasing trend. The proportion of the movement distance in the depth direction exhibited
a decreasing trend. The proportion of the movement distance in the travel direction first decreased then
stabilised but was > 50% in all cases (Fig. 7). This indicates that, at a blade operating depth of 20 cm, the soil
movement distance was the largest at a soil layer depth of approximately 5 cm and was the smallest at a soil
layer depth of approximately 20 cm. Additionally, a deeper soil layer had a larger proportion of soil movement in
the depth direction, and a shallower soil layer had a larger proportion of soil movement in the width direction.
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Fig. 7 - Soil movement at operating depth of 20 cm
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At a blade operating depth of 15 cm, for all lines of tracer pellets, the tracer movement distance
gradually decreased as the numbering of the tracer pellet row increased. Except for the fifth row, as the
numbering of the tracer row decreased, the proportion of the tracer movement distance in the width direction to
the overall tracer movement distance exhibited an increasing trend. The proportion of the tracer movement
distance in the travel direction exhibited a decreasing trend but was > 50% in all cases (Figure 8).
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Fig. 8 - Soil movement at operating depth of 15 cm

This indicates that, at a blade operating depth of 15 cm, the soil movement distance was the largest in
the surface soil layer and decreased as the soil layer depth increased. Additionally, except for the soil layer with a
depth of approximately 20 cm, a shallower soil layer had a larger proportion of soil movement distance in the
width direction, and a deeper soil layer had a larger proportion of soil movement distance in the travel direction.

At a blade operating depth of 10 cm, the movement distance of the tracer pellets in the second row of
the second line was larger than that in the second row of the first line the difference was insignificant (p<0.05).
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In all other cases, the tracer movement distance was the largest in the first row and decreased as the
numbering of the tracer row increased (Figure 9). This indicates that, at a blade operating depth of 10 cm, the
soil movement distance was the largest in the surface soil layer and decreased as the soil layer depth increased.
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Fig. 9 - Soil movement distance at operating depth of 10 cm

At a blade operating depth of 5 cm, for all lines of tracer pellets, the tracer movement distance in the
second row was the largest, followed by that in the first row; for all other rows, the tracer movement distance
decreased as the numbering of the tracer row increased. In particular, the tracer pellets in the fifth row did not
move (Figure 10). This indicates that, at a blade operating depth of 5 cm, the soil movement distance was the
largest at a soil layer depth of approximately 5 cm, followed by that of the surface soil layer; and the soil layer
with a depth of approximately 20 cm did not move.
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Fig. 10 - Soil movement at operating depth of 5 cm

The distance of the tracer movement by the tracer row was also analysed (Figure 7-10). The movement
distance of the first row of the tracer pellet was the greatest at an operating depth of 10 cm and decreased as the
operating depth increased or decreased from this level. This indicates that the soil movement distance was the
greatest at an operating depth of 10 cm. At an operating depth of 5 cm, the movement distance of the first three
lines in the second row of tracer pellets was the greatest, and it decreased as the operating depth increased.
This indicates that the soil movement in the 5 cm depth soil layer was the greatest at an operating depth of 5 cm
and decreased as the operating depth increased. At an operating depth of 20 cm, the movement distance of the
third row of tracer pellets was smaller than that of the other rows, while at the other operating depths, the
movement distance of the third row did not vary considerably. This indicates that the soil movement distance of
the 10 cm depth soil layer did not vary considerably at operating depths of 5, 10, and 15 cm but smaller at an
operating depth of 20 cm. The movement distance of the fourth and fifth rows of the tracer pellets increased as
the operating depth increased. In particular, at an operating depth of 5 cm, the tracer pellets in the fifth row did
not move. This indicates that the soil movement distance in the soil layers with depths of 15-20 cm was
positively related to the operating depth. At an operating depth of 5 cm, the soil layers did not move.

63



Vol. 62, No. 3/2020 INMATEH — icultutal

Effect of forward speed and blade rotational speed on soil movement

Figure 11 shows the soil movement patterns at different forward speeds and blade rotational speeds.
For a constant operating depth (15 cm) and blade rotational speed (255 rpm), the movement distance of the
second line in the fifth row of the tracer pellets first decreased, and then increased as the forward speed
increased. The movement distance of the fourth line in the fourth row peaked at a forward speed of 0.3 m/s and
0.5 m/s were equal to that at the forward speed of 0.7 m/s. The movement distance of all other rows and lines of
the tracer pellets decreased as the forward speed increased (Figure 8). This indicates that soil movement
distance generally increased as the forward speed decreased in the normal range. At a forward speed of 0.3
m/s, the movement distance of the second line in the second row of tracer pellets was greatest (57.9 cm).
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Fig. 11 - Soil movement pattern at different forward speeds and blade rotational speeds

At an operating depth of 15 cm and a forward speed of 0.5 m/s, the movement distance of the tracer
pellets in all rows and lines increased as the blade rotational speed increased. This indicates that the soil
movement distance increased as the blade rotational speed increased in the normal range. At a blade rotational
speed of 340 rpm, the movement distance of the second line in the first row of tracer pellets was the greatest
(54.4 cm).
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Overall soil movement pattern and its relationship with power consumption

Table 2 summarises the tracer movement pattern at all positions and its relationship with power
consumption. Under all the testing conditions, the tracer movement distance in the travel direction accounted for
55-64% of the overall tracer movement distance; along the width, it accounted for 30—-37% and along the depth
for 5-11%. This indicates that, under all the testing conditions, the soil movement distance in the travel direction
accounted for more than half of the overall soil movement distance, followed by the width and depth directions.

For a constant operating depth (15 cm) and blade rotational speed (255 rpm), at a forward speed of 0.5
m/s, the proportions of tracer movement distance in the width and depth directions to the overall tracer
movement peaked, whereas the proportion of the tracer movement distance in the travel direction minimised. At
a forward speed of 0.3 m/s, the proportions of the tracer movement distance in the width and depth directions to
the overall tracer movement were minimised, whereas the proportion of the tracer movement distance in the
travel direction peaked. This indicates that the proportions of the soil movement distance in the width depth
direction to the overall soil movement distance peaked at a forward speed of 0.5 m/s, whereas the proportion of
the soil movement distance in the travel direction peaked at a forward speed of 0.3 m/s.

For a constant operating depth (15 cm) and forward speed (0.5 m/s), at a blade rotational speed of 255
rpm, the proportions of the tracer movement distances along the width and depth directions peaked, whereas
the proportions of the tracer movement in the travel direction were minimised. At a blade rotational speed of 340
rpm, the proportions of the tracer movement distances in the width and depth directions were minimised,
whereas the proportion of the tracer movement in the travel direction peaked. This indicates that the proportions
of the soil movement distance in terms of width and depth to the overall soil movement distance peaked at a
blade rotation speed of 255 rpm, whereas the proportion of the soil movement distance in the travel direction
peaked at a blade rotation speed of 340 rpm.

Table 2
Overall tracer movement pattern and power consumption

Overall Proportions of soil

Instantaneous

Operating conditions | movement the travel, width, and torque power [kW]

distance depth direction to the [N =m]
[cm] overall soil movement [%]

(kW]

soil movement distances in Instantaneous Total power
consumption

Operating depth: 5 cm,
Rotational speed: 255

r/min, Forward speed:

0.5m/s

360.9 33.60, 56.92, 9.48 8.7813 0.234 1.233

Operating depth: 10
cm, Rotational speed:
255 r/min, Forward
speed: 0.5 m/s

460.7 33.63, 55.67, 10.70 15.0369 0.402 2.280

Operating depth: 15
cm, Rotational speed:
255 r/min, Forward
speed: 0.5 m/s

422.6 36.13, 56.69, 7.18 26.3127 0.703 3.538

Operating depth: 20
cm, Rotational speed:
255 r/min, Forward
speed: 0.5 m/s

415.4 33.48, 60.36, 6.16 47.3212 1.264 6.677

Forward speed: 0.3
m/s, Operating depth:
15 cm, Rotational
speed: 255 r/min

571.5 33.50, 60.68, 5.82 22.8753 0.611 5.116

Forward speed: 0.7
m/s, Operating depth:
15 cm, Rotational
speed: 255 r/min

349.7 31.04, 63.58, 5.38 38.4716 1.027 3.505

Rotational speed: 170
r/min, Operating depth:
15 cm, Forward speed:
0.5 m/s

323.1 35.82,58.48, 5.70 33.9634 0.605 3.461

Rotational speed: 340
r/min, Operating depth:
15 cm, Forward speed:
0.5 m/s

515.0 30.88, 63.98, 5.14 28.8791 1.028 4.385
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With the forward speed (0.5 m/s) and blade rotational speed (225 rpm) constant, the overall tracer
movement distance peaked at 460.7 cm at an operating depth of 10 cm, followed by the movement distances at
operating depths of 5, 15, and 20 cm. This indicates that soil movement distance peaked at an operating depth
of approximately 10 cm. The instantaneous torque (instantaneous power) and total power consumption of the
rotary blade increased with the operating depth. This finding is consistent with those obtained by Zhang et al.
(2019) and Fuijii et al. (2015). This indicates that the instantaneous torque and total power consumption were
positively related to the operating depth; however, they were not related to the soil movement distance.

With the operating depth (15 cm) and blade rotational speed (225 rpm) constant, the overall tracer
movement distance decreased as the forward speed increased (0.3, 0.5, and 0.7 m/s). The instantaneous torque
exhibited an increasing trend with the forward speed, which agrees with the results obtained by Ahmadi (2017).
This indicates that the instantaneous torque is positively related to the forward speed; however, it is negatively
related to the soil movement distance. The total power consumption exhibited a decreasing trend with the
forward speed, which is consistent with the results obtained by Salokhe et al. (2001). This indicates that the total
power consumption was negatively related to the forward speed; however, it was positively related to the soil
movement distance.

With the operating depth (15 cm) and forward speed (0.5 m/s) constant, the overall tracer movement
distance increased with the blade rotational speed (170, 255, and 340 rpm). The instantaneous torque was the
largest at a blade rotational speed of 170 rpm and was the smallest at a blade rotational speed of 255 rpm,
which is consistent with the results obtained by Gupta and Pandey (1996) and Matin et al. (2015) that is,
instantaneous torque first decreased then increased. This indicates that the instantaneous torque was not
related to the blade rotational speed and soil movement distance. The total power consumption exhibited an
increasing trend with the blade rotational speed, which was consistent with the results obtained by Tiwari and
Gite (2006). This indicates that the total power consumption was positively related to the blade rotational speed
and soil movement distance.

When other operating conditions were held constant, the total power consumption peaked at 6.677 kW
at an operating depth of 20 cm and reached a minimum at 1.233 kW at an operating depth of 5 cm. With other
operating conditions constant, the total power consumption peaked at 6.677 kW for a forward speed of 0.3 m/s
and reached a minimum at 3.505 kW for a forward speed of 0.7 m/s. With other operating conditions constant,
the total power consumption peaked at 4.385 kW at a blade rotational speed of 340 rpm and reached a
minimum at 3.467 kW at a forward rotational speed of 170 rpm (Table 2).

Based on the investigations on soil movement, changes in the relationship between the operating
conditions and power consumption of the rotary blade during furrowing were obtained. Although Jumin et al.
(2014) and Thakur and Godwin (1989) performed similar studies, they only investigated the relationship between
operating conditions and power consumption of the rotor blade. As the soil movement is essence that the
operating conditions effect the furrowing power consumption. The study researched the correlation soil
movement between furrowing power consumption further and could apply to analysing the furrowing power
consumption of rotary blade based on soil movement.

CONCLUSIONS

Rotary blades fixed to small handheld furrow openers for preparing small field patches involve soil
throwing/movement and energy consumption. This study investigated the relationship between soil movement
and power consumption and that between soil movement and operating conditions of such a blade. We draw the
following conclusions:

1) The soil movement distance at or closer to the centre of action of the rotary blade was larger than that
farther away.

2) Under all testing conditions, the proportion of the soil movement distance in the travel direction to the
overall soil movement distance was the largest, with the value larger than 50%, followed by that in the depth
direction and then that in the width direction.

3) The soil movement distance of the soil layers with depths of 0-5 cm was the largest at all operating
depths. Moreover, soil movement distance decreased as the soil layer depth increased.

4) Generally, soil movement distance increased as the forward speed decreased in the normal range. The
soil movement distance increased with the blade rotational speed in the normal range.

5) For constant forward and blade rotational speeds, the instantaneous torque and total power
consumption were positively related to the operating depth, however, not related to the soil movement distance.
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For constant operating depth and blade rotational speed, the instantaneous torque was positively related to the
forward speed, however, negatively related to the soil movement distance; the total power consumption was
negatively related to the forward speed, however, positively related to the soil movement distance. With the
operating depth and forward speed constant, the instantaneous torque was not related to the blade rotational
speed and soil movement distance; the total power consumption was positively related to blade rotational speed
and soil movement distance.

Based on the results, it was concluded that by decreasing the operating depth and blade rotational speed
and increasing forward speed, the power consumption of the unit working length can be reduced.
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