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Abstract: Impact of working parameters on
loading of stone rake rotor. The objective of this
study was to determine the impact of the kine-
matic coefficient and the angle of positioning of
the stone rake rotor upon its torque. Research was
conducted in a soil bin. In order to achieve the
objective, a stone rake model was developed and
fixed to the frame of the soil bin tool trolley, using
supports. The external diameter of the rotor was
400 mm. The study was performed at the rotation-
al speed of 80 rpm, at two speeds of movement of
the picking unit and five angles of positioning of
the rotor in relation to perpendicular direction to
tool movement within the range of 15 to 35°. The
impact of the technical parameters examined on
torque driving the stone rake rotor was found to
be statistically significant. It was determined that
the angle of positioning of the rotor shaft equal to
35° was beneficial due to the energy loads gen-
erated by the rotating unit. However, taking into
account the working width of the stone rake, for
practical purposes, the rotor positioning angle can
be recommended to range between 25 and 30°.
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INTRODUCTION

Stones found on fields in the topsoil lay-
er hinder mechanization of the plant pro-
duction process. They reduce the quality

of agrotechnical operations, as well as
quality of agricultural produce, in partic-
ular, root vegetables and crops, includ-
ing potatoes. Stones are the main factor
causing mechanical damages in the tu-
bers and dark spots caused by impact,
which may, in fact, completely eliminate
the raw material to be used for produc-
tion of fries and potato chips. These
damages are associated with the soil
conditions. The stone mass should not
exceed 20% in the tuber mass [Gruczek
2002, Czerko et al. 2014]. On the basis
of the available literature, it can be stated
that the quantity of stones found in the
topsoil layer (30-35 cm) on a field of the
area of 1 ha in the soils found within the
territory of Poland is diversified, rang-
ing from 5 to 500 t-ha! [Mitrus 1979].
While the stone content in the topsoil
layer ranges between 200 and 500 t-ha™,
Gruczek [2000] and Czerko et al. [2014]
point to the need for stone removal from
soils designated for cultivation of ware
potatoes and plants to be used for food
processing purposes.
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Stones lying on the field surface or
buried at the depth of 3-5 cm hinder
many agrotechnical tasks, including sur-
face cultivation, sowing, caring for spac-
es between rows, harvesting of cereals,
greens and roots, as well as post-har-
vest processing of crops, harvested with
stones. According to research, these con-
stitute only 8-12% of all stones found in
the topsoil layer. Stones at the depth of
13-15 cm hinder the tasks, listed above,
as well as planting of potatoes and har-
vesting of root plants [Mitrus 1980].

Rock removal is performed using
separate machines as stone rakes, ar-
ranging stones in rows, and stone pick-
ers that pick stones from the rows. There
are machines, which pick the rocks and
transport them to containers in a single
pass. These can also be used for con-
struction purposes and in recreational
areas to pick rocks, rubbish, roots, etc.
They can be used in grasslands, golf
courses, sports facilities and during pre-
paratory works in road construction.

One of the most significant aspects
of rock picking is raking. In most so-
lutions, the stone rake units are rotors
with tines, which turn in the direction
opposite to movement of the machine
along the field. In the available litera-
ture, there is no information on energy
loads of such units. Therefore, research
in this regard seems reasonable. In par-
ticular, laboratory experiments that limit
the impact of various random events on
the research results are recommended
[Powatka and Bulinski 2014a, b]. Re-
search conducted under such conditions

allows for appropriate preparation of the
experiment and correct reasoning [Pio-
trowska and Klonowski 1996, Sahu and
Raheman 2006, Javadi et al. 2012, Man-
dal et al. 2014, Nowakowski et al. 2015].
On the basis of examination of machines
with active working components, it can
be said that energy loads will depend on
many factors that can be grouped as as-
sociated with the soil conditions, work-
ing parameters of the working units and
configuration of working components of
machines [Majewski et al. 1982, Maren-
ya 2009, Libin et al. 2010]. Tupkarii et al.
[2014]. The main technical parameters of
units with rotating working components
that exert impact on movement resistance
of teh working units include: the direction
of rotation of rotors or drums, forward
speed of the machine, the kinematic coef-
ficient or the ratio of peripheral speed of
the working components to forward speed
of the machine, working depth [Gach et
al. 1989, Marenya et al. Musonda 2003,
Salokhe and Ramalingam 2003]. In the
available literature on the subject, very
little has been said on stone rake rotors
with regard to the quality and energy-re-
lated aspects of their work.

The objective of this work was to
determine the impact of the kinematic
coefficient and the stone rake rotor posi-
tioning angle on its torque.

MATERIALS AND METHODS

Tests of torque on the stone rake ro-
tor shaft were conducted in a soil bin.
A soil bin of dimensions of 10 X 2 m
(length x width) allows for performance
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of tests using full-size working compo-
nents of cultivation tools and machines
[Bulinski and Sergiel 2014]. A track is
fixed to the frame of the soil bin, along
which the tool trolley moves. The units
to be examined were fixed to the tool
trolley, moving on a set of rollers grip-
ping the rod guide tubes located along
the two sides of the soil bin. The trolley
was powered by a double rope system
through a gear rack from a 22 kW electric
motor, controlled by a V2500 power in-
verter. The trolley drive allowed for meas-
urement passes in both directions at the
speed within the range of 0.1-7.2 km-h=!
[Bulinski et al. 2010].

In order to achieve the defined objec-
tive, a frame with a turntable was built,
as well as a model of stone rake rotor
(Fig. 1) at Kongskilde Polska Sp. z o.0.
Fixing of the rotor frame to the turntable

{ R
FIGURE 1. The working unit with the shaft of

the stone rake rotor fixed to the tool trolley of the
soil bin

allowed for a gradual (every 5°) change
of the angle of positioning of the rotor in
relation to the line perpendicular to the
direction of movement within the range
of 15-35° (Fig. 2). The external diam-

FIGURE 2. The soil bin with arranged stones of
diameter of 150 mm

eter of the rotor amounted to 400 mm.
32 tines, with a rectangular cross-section,
sized 20 x 40 mm, were welded radially
into a pipe of diameter of 160 mm. The
spacing between the tines was 30 mm,
and the shifting angle was 45°. The frame
of the rotor unit was fixed to a tool trolley
of the soil bin using supports.

The stone rake shaft was driven by
a hydraulic motor through an articulated
telescopic shaft and a V-belt with the
transmission ratio of 1 : 1. The hydraulic
motor was connected with a hydraulic
unit AG 5089. The rotational speed of
the hydraulic motor was set by reduction
of hydraulic oil flow rate.

On the drive shaft, torque sensor
MTR 500 was mounted with the nomi-
nal measurement range of 500 Nm with
an in-built rotational speed sensor. The
torquemeter with a rotational speed indi-
cator was calibrated in accordance with
the procedure described by Lisowski et
al. [2009]. The sensors cooperated with
meter MW2006-4. Measurement signals
were recorded in the computer using
a digital measurement and recording
system DMCplus.



40 J. Chlebowski et al.

For monitoring of movement speed
of the working unit with the tool trolley,
a measurement set was used, equipped
with an optical sensor installed on the
roller with indicators, rolling along the
soil bin frame guide.

The working depth of the rotor tines
was constant, amounting to 70 mm. It
was set using the adjustable supports,
connecting the rigid frame of the unit
with the frame of the soil bin tool trolley.
The soil was levelled using a sweeper at-
tached to the tool trolley frame.

Before every measurement, the soil
surface was levelled with the sweeper
and stones were arranged in accord-
ance with the plan (Fig. 2). Stones of the
average substitutive diameter of 150 mm
(27 pieces) were used. The stones were
placed using a template making small
holes, in which the stones were placed.
The number and mass of stones dis-
tributed on the surface of the soil in
the soil bin was equivalent to the av-
erage number of stones found within
a land plot of the area of 30 t-ha.

Tests were conducted for the estab-
lished rotational speed of the stone rake
rotor n = 80 rpm=* and for two working
speeds set v, = 0.7 and v, = 1.0 m-s™,
Soil humidity was established using the
dry oven test, in accordance with the re-
quirements of PN-ISO 11465:1999, and
it was maintained within the range of
8-10%. All measurements were made in
three repetitions.

The kinematic coefficient [Hendrick
and Gill 1971a, b, ¢, Gach et al. 1991,
Libin et al. 2010] was established on the
basis of the following formula:

dn
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where:

/. — kinematic coefficient;

u — peripheral speed of the rotor tine
ends [m-s7];

v —movement speed [m-s7];

d — diameter of the stone rake rotor [m];
according to measurement d = 0.4 m;

n — rotational speed of the shaft [rpm].

Correctness of the assumptions made
in relation to maintaining of the pre-de-
fined rotational speed of the stone rake
rotor and speed of movement of the unit
was checked using variance analysis
with the aid of statistical package Sta-
tistica v.12.

RESULTS AND DISCUSSION

On the basis of the two-factor analysis
of variance conducted, it was found that
the rotational speed of the stone rake ro-
tor was maintained in the subsequent tri-
als  (F,._, p_40= 0.1, at p = 0.856) and
for both working speeds set (F,,_, ,_,070=
= 1.0, at p = 0.287). On the basis of test
results, it can be concluded that the rota-
tional speed of the stone rake rotor dur-
ing movement of the working unit along
the soil bin at the speed of v, and v, did
not differ significantly, amounting to 80.7
and 80.8 rpm (Table 1), respectively, and
the rotational speed variability coeffi-
cient for the entire test range was only
0.2%.



Impact of working parameters on loading of a stone rake rotor

41

TABLE 1. Average values (n,), standard deviation (SD) and 95% ranges for rotational speed of the
stone rake rotor shaft (n) for two speed levels of movement of the unitv, v,

sgg(\el(jerlg\e/gtl Trial n, SDn -95%n +95% n Number
V) number [rom] [rpm] [rpm] [rom] (N)
1 80.79 0.16 80.49 81.10 820
v, 2 80.70 0.17 80.37 81.02 703
3 80.53 0.16 80.20 80.85 732
1 80.76 0.19 80.39 81.13 607
v, 2 80.86 0.19 80.49 81.23 609
3 80.85 0.19 80.49 81.22 614

Source: Own results of the authors.

The statistical analysis results pre-
sented in Table 2 indicate that for two
speed levels v, and v, their average val-
ues amounted to 0.68 and 0.96 m-s?,
respectively. The variance analysis,
conducted for two speeds (F,._, ,, s, =
= 15, at p <0.0001 for v, = 0.68 m-s*,
Foios vomigy = 11, at p <0.0001 for v =
= 0.96 m-s?) indicated a certain impact
on repetitions on maintenance of for-
ward speed. However, the variance co-
efficient calculated for all of the cases
examined, which did not exceed 0.03%
(Table 2) allows for assumption that for-
ward speed levels of the stone rake rotor
for the same levels during trial repeti-
tions were maintained.

Correlations between peripheral speed
of the working components and working
speed have been described by the kin-
ematic coefficient. For speeds v, and v,,
the calculated values of the kinematic
coefficient amounted to 2, =2.5and 4,=
= 1.7, respectively.

In order to verify the significance of
differentiation of the torque value for in-
dividual measurement units, a two-fac-
tor analysis of variance was conducted.
Differentiation of the torque was statisti-
cally significant for changes in the Kin-
ematic coefficient and the angle of posi-
tioning of the rotor in relation to the line
perpendicular to the direction of mo-

TABLE 2. Average values (v, ), standard deviation (SD) and 95% ranges for the speed of movement
of the stone rake unit (v) at the rotational speed of the stone rake rotor shaft of 80 rpm for two speed

levels of the unitv,, v,

;\g::; T;?g[l Trial Ve SD M —95%) v +950/f) v Number
) number [m-s1] [m-s1] [m-s] [m-s] (N)
1 0.6764 0.0002 0.6761 0.6767 820
A 2 0.6777 0.0002 0.6773 0.6780 703
3 0.6772 0.0002 0.6769 0.6776 732
1 0.9633 0.0001 0.9631 0.9636 607
v, 2 0.9637 0.0001 0.9634 0.9639 609
3 0.9642 0.0001 0.9639 0.9644 614

Source: own results of the authors.
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tion and for interactions between them,
which is indicated by statistical values
of F_,, and the critical significance level
(Table 3).

coefficient 2.5 and the rotor angle of
positioning of 15° have been presented
in Figure 3. Such great variability of
torque should be explained by the nature

TABLE 3. Analysis of variance of factors that exert impact on torque

- Sum of Number of de- | Average Statistical . Crlt_lcal
Source of variability significance
squares | grees of freedom | square value of F level
Kinematic coefficient: 4 | 82 603 1 82 603 176.14 <0.0001
Angle: a 55 381 4 13 845 29.52 <0.0001
Interaction: At0 a 23088 4 5772 12.31 <0.0001

Source: Own results of the authors.

As a result of the statistical analysis
conducted, average values, standard de-
viations and 95% ranges for torque at
various forward speeds of the stone rake
unit were obtained for various angles of
positioning of the rotor (Table 4). On
the basis of data from Table 4, the vari-
ability coefficient calculated reached the
value of 1.6 to 2%. In the entire range of
analysis, the torque values ranged from
10 to 160 Nm. The exemplary course
of changes in the torque for kinematic

of work of the stone rake rotor. When
moved along the rotor, the stones were
hit by the tines several times and ran-
domly moved forward.

On the basis of the average torque
values (Table 4), a logical correlation
can be found between increase in en-
ergy loads along with increasing of the
forward speed of the stone rake unit, re-
sulting from the greater number of rocks
being moved by the rotor over time. The
highest average torque value (71 Nm)

TABLE 4. Average values, standard deviation (SD) and 95% ranges for torque (Mzg) for two levels of

the kinematic coefficient 4, 2,

Kinematic | Rotor posi- M, SDM,, -B% M, +95% M, Number
coefficient | tioning angle | (average) [Nm] [Nm] [Nm] (N)
level o [?] [Nm]
15 63.67 1.00 61.71 65.62 470
20 52.95 1.12 50.75 55.15 373
A 25 55.00 0.93 53.17 56.82 541
30 54.15 1.02 52.15 56.16 449
35 51.25 1.05 49.19 53.32 422
15 67.10 0.98 65.18 69.03 486
20 71.30 1.26 68.83 73.77 295
2, 25 63.16 1.11 60.98 65.34 380
30 63.52 1.18 61.20 65.85 333
35 57.65 1.18 55.34 59.97 336

Source: Own results of the authors.
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FIGURE 3. An exemplary course of changes in the torque of the stone rake rotor at the angle of 15°

with kinematic coefficient A, = 2.5

was achieved for kinematic coefficient
4, (greater forward speed of the unit)
and the rotor placed at the angle of 20°,
the smallest (51 Nm) for the kinematic
coefficient &, and the greatest angle of
positioning of the stone rake rotor 35°.
Smaller angles of positioning of the ro-
tor result in slower movement of stones
along the rotor and a bigger number of
stones being hit by the tines, which in-
creases the energy load. However, at

[wN] enbioL

these rotor settings, the stone rake work-
ing width can be increased. The test re-
sults presented indicate that the angle
of positioning of the rotor, as well as
its rotational and working speed exert
significant impact on energy loads and
working performance of the stone rake.
Analyzing the impact of the kinematic
coefficient on the torque on the stone
rake rotor (Fig. 4), it can be concluded
that its greater value (4, = 2.5) resulting

FIGURE 4. The impact of the kinematic coefficient and the angle of positioning of the rotor on the

stone rake rotor torque
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from lower speed of the stone rake unit
ensured a torque below 44 Nm, at the ro-
tor angles of 20 and 35°.

Greater loading of the stone rake ro-
tor at smaller angles of positioning, in
particular, at the angle of 15°, may be
a result of a longer distance covered
by the stones while moved and thus a
greater number of stones moved over a
specific time interval.

The lower value of the kinematic
coefficient, obtained during the tests, is
mainly due to higher speed of movement
of the stone rake unit. The test results
show that almost within the entire range
of change of the angle of positioning of
the stone rake rotor for the kinematic co-
efficient of 1.7, torque exceeded the val-
ue of 60 Nm, while a certain reduction
of the load can be noticed after exceed-
ing the angle of 30°. For higher values
of the kinematic coefficient (above 2.5),
a significant reduction in the torque of
the stone rake rotor was observed. Tests
of other machines with rotating com-
ponents, such as rototillers [Beeny and
Khoo 1970, Hendrick and Gill 1971c,
Hendrick 1980, Waszkiewicz and Mis-
zczak 1986, Tupkarii et al. 2014] indi-
cate that the values of the kinematic
coefficient to a different degree impact
the demand for power to drive the work-
ing components of these machines and
their energy consumption. According to
these authors, reduction of the kinematic
coefficient by increasing the forward
speed results in increased power con-
sumption while reducing power output.

On the other hand, a lower value of the
kinematic coefficient obtained through
reduction of angular velocity of the ro-
tor resulted in reduction of total and unit
power. It should be noted that in the case
of rototillers, changes in unit power are
associated with the fact that the machine
knives cut soil into pieces of varying
volume [Gach et al. 1991]. Moreover,
analysis of the impact of kinematic coef-
ficient on energy load usually pertained
to machines that cooperated with working
components rotating in the direction con-
sistent with the direction of movement of
the machine, and not in the opposite di-
rection, like in the case of stone rake.

CONCLUSIONS

1. At constant parameters of the soil
and the rock content, as well as work-
ing depth of the stone rake rotor,
a change in the kinematic coefficient
within the range of 1.7-2.5 and the
angle of positioning of the rotor per-
pendicular to movement of the stone
rake unit within the interval of 15-30°
exerted a statistically significant im-
pact on the value of torque on the ro-
tor shaft. Interaction between these
factors also turned out to be statisti-
cally significant.

2. Thanks to a greater value of the kin-
ematic coefficient, resulting mainly
from reduction of speed of the stone
rake unit, set at the angle of 20°,
upon increase of kinematic coeffi-
cient from 1.7-2.5, a 25% reduction
of the torque was achieved.
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3. The angle of positioning of the stone
rake rotor shaft, amounting to 35° in
relation to direction perpendicular
to motion of the tool is beneficial in
the context of energy loads from the
rotating rotor. However, taking into
account the working width of the
stone rake, for practical reasons, the
recommended stone rake rotor angle
can be within the range of 25-30°.

4. The research conducted indicates that
for higher speeds of the stone rake
unit, higher rotational speeds of the
rotor should be applied. Nevertheless,
it should be noted that increased rotor
speed may result in greater demand
for power, therefore further research
should be conducted, using other ra-
tios of rotor peripheral speed to speed
of movement of the stone rake unit.
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Streszczenie: Wpfyw parametréw pracy na ob-
cigzenia wirnika zgarniajgcego kamienie. Ba-
dania przeprowadzono w kanale glebowym ze
specjalnie wykonanym zespotem roboczym
wyposazonym w wirnik zgarniajacy kamienie.
Zespo6t roboczy zamocowano do ramy wdzka na-
rzedziowego kanatu glebowego. Badania wyko-
nano dla dwéch wartosci wspotczynnika kinema-
tycznego przy statej predkosci obrotowej wirnika
zgarniajacego 80 obr.-min-* oraz dla pieciu katdw
ustawienia wirnika do kierunku prostopadiego
wzgledem ruchu narzedzia w zakresie od 15 do
35°. Z catosci przeprowadzonych badan wynika,
ze kat ustawienia watu wirnika zgarniajacego ka-
mienie wynoszacy 35° jest korzystny ze wzgledu
na obciazenia energetyczne pochodzace od obra-
cajacego si¢ wirnika. Jednak biorac pod uwage
szerokos$¢ robocza zgarniacza, dla praktyki moz-
na zaproponowac kat ustawienia wirnika zgarnia-
cza w zakresie od 25 do 30°.
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