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Abstract: Energetic loading of forage harvester
working units depending on cutting length of the
plant material. Basing on the developed math-
ematical models and carried out calculations on
the forage harvester energetic loading there are
presented changes in the effective power and spe-
cific energy related to a dry matter mass, needed
to drive the withdrawing-compacting rolls and
the chopping unit depending on cutting length of
the plant material. Simulation investigations were
carried out for the flow intensity of moist plants in
the range of 1.5-5.3 kg-s~*, knife disk rotational
speed 1000 rpm and theoretical cutting lengths 5
and 10 mm. It is evident from energetic loadings
of the withdrawing-compacting rolls set and the
chopping unit, that at certain disk rotational speed
a decrease in the number of cutting knives at con-
stant flow of the chopped plants and the same
theoretical cutting length causes a decrease in
effective power requirement of forage harvester,
in spite of the increased loading of withdrawing-
-compacting rolls set. More distinct differences in
energetic indices at the small theoretical plant cut-
ting lengths at the reduced number of knives result
from the lower speed of withdrawing-compacting
rolls; it causes an increase in the plant layer thick-
ness and an increase in forces in tension springs,
as well as better compacting of plants between
rolls. As a result of better compaction of thicker
layer of plants, one can find better effectiveness of
cutting and lower energy consumed by the chop-
ping unit.
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INTRODUCTION

One of basic factors influencing the feed
quality is chopping of the green forage
into particles of uniform dimensional
distribution, that meet technological and
qualitative requirements. Length of chaff
in ensilaging of grass and papiliona-
ceous plants should amount to 20-30
mm, while of maize to 5-15 mm [Chle-
bowski 2011]. Minimal length of chaff
available in currently produced forage
harvesters amounts to 3.5 mm. It can
be achieved by appropriate setting of
working parameters: number of knives,
rotational speed of chopping unit and
feeding speed of plant material [Gach
et al. 1991, Dmitrewski et al. 1998,
2000, Mojta et al. 2000]. There is a cur-
rent trend in forage harvesters towards
improvement of better plant shredding
with simultaneous reduction of energy
inputs [Kanafojski 1980, O’Dougherty
1982, Savoie et al. 1989, Pintara 1999,
Mojta et al. 2000, Lisowski et al. 2001].
Energetic loading of the chopping unit is
affected by setting of plant material cut-
ting length [Savoie et al. 1989, Lisowski
et al. 2001, 2005]. One can predict the
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energetic loadings basing on mathemati-
cal models that reflect energetic loads of
the machine. Such simulations can be
carried out for various conditions of ma-
chine operation.

This work aims at explanation of the
effect of setting the plant material cutting
length on effective power and specific en-
ergy related to a dry matter mass, needed
to drive the withdrawing-compacting
rolls and the chopping unit, on the base
of developed mathematical models.

MATERIAL AND METHODS

To determine the effect of plant mate-
rial cutting length on energetic loading
of the withdrawing-compacting rolls and
the chopping unit there were used the
mathematical models positively verified
by Chlebowski [2012a]:

_— i,/[Fm + Fo + (N — iR 0 (1 3,)
b%/EWVp

1)
Ect 2.2 o’
R =0m|——+ o (ut B + tdfa) + Av———
rplt 2
2
P
stm = (3)
Omsm
Ligm = —— (4)
Omsm
where:

P, —effective power requirement to drive
withdrawing-compacting rolls [W];

My — dimensionless coefficient of rolls’
operation [-];

Fn, — force coming from weight of roll
and its mounting elements [N];

Fo — force of preliminary tension of
springs [N];

h, — thickness of plant layer in front of
rolls [m];

h, — compacting of plant layer by rolls
[m];

i — number of springs [pcs];

R — index of spring rigidity [N-m™];

oy, — angular speed of withdrawing-com-
pacting rolls [s7Y];

oy — Slip of plant material between rolls [];
Om — mass flow of moist plant material
[kg-s™];

b,, — length of roll (assumed as equal to
throat width of forage harvester by, = by)
[m];

E,, — elasticity coefficient of plants in
layer [Pa];

7p — density of plant material in front of
rolls [kg-m™3],

P, — effective power requirement to drive
chopping unit [W];

E. — Specific cutting energy [N-m~2],

¢ — degree of plant compacting;

I; — theoretical length of cutting of plant
material [m];

o —angular speed of knife disk [rad-s™];
re — radius of knife disk [m];

us — coefficient of friction between plant
material and steel [-];

Bt — angular path of plant material mo-
tion on bottom of chopping unit [rad];
uq — coefficient of plant particle defor-
mation [-];

B4 — angular path of plant material mo-
tion on bottom plate [rad];

An — correction coefficient for chaff throw
speed [-];

Lwsm — specific work of withdrawing-
compacting rolls unit related to dry mat-
ter mass [kJ-kg™];
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Omsm — Mass flow of dry matter of plant
material: Qmsm = Om (1 — W) [kg-s™];

w, — real relative humidity of plant mate-
rial;

Lism — Specific work of chopping unit re-
lated to dry matter mass [kJ-kg™].

TABLE 1. Specification of plant material used in
simulation investigations

Item Unit | Maize plants

Ripeness of maize grain - milk-wax,
P 9 wax and full

Relative humidity % 66

of plants

Grain humidity % 37

_Graln mass fraction % 40

in plant

Length of harvested m 2395

plants

St(?m diameter at cutting mm 29_98

height

Source: Chlebowski [2012b].

The simulation investigations were
carried out for maize plants specified in
Table 1 and under working conditions
presented in Table 2. Values of coeffi-
cients that occur in mathematical mod-
els (Table 3) were determined basing on
results of stationary investigations on
shredding of maize plants of San variety,
carried out in Department of Agricultural
and Forest Machinery WULS in Warsaw.
Statistical variance analysis of the results
of these investigations showed, that fac-
tors affecting theoretical length of plant
cutting: specific mass of plants, mois-
ture content of plants, speed of feeding,
number of knives and rotational speed
of knife disk diversified significantly (at
significance level o = 0.05) the effective
power requirement to drive withdraw-
ing-compacting rolls unit and chopping
unit of forage harvester (Table 4).

TABLE 2. Specification of working conditions during simulation investigations

Parameter Symbol Unit Value
Rotational speed of withdrawing-compacting rolls Nw rpm 50-300
Slip of plant material between rolls dw - 0.12
Density of plant material in front of rolls ’p kg-m™ 170
Yield of plants Q that 40
Plant elasticity coefficient in layer Ew Pa 153 900
Preliminary tension of springs Po N 75
Diameter of withdrawing-compacting rolls dyy m 0.180
Mass of roll and its mounting elements My kg 20.0
Coefficient of spring rigidity R N-m~ 15 962
Number of springs i pcs 3
Diameter of knife disk dt m 0.910
Width of throat by m 0.340
Angular path of plant material motion on bottom plate B rad 0.636
Excentric setting of knife p m 0.075
Radius of knife disk It m 0.455
Vertical distance of stationary knife to axis of rotation m m 0.180
Horizontal distance of nearer side wall of throat to axis

of rotation a m 0.095

Source: Chlebowski [2012b].
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TABLE 3. Values of coefficients existing in mathematical models

Parameter Symbol Unit Value
Specific cutting work of chopping unit Et Jm=? 5057
Coefficient of friction between plant material and housing surface

; . s - 0.57
of chopping unit
Coefficient of plant particle deformation 1 - 0.66
Correction coefficient for chaff throw speed h - 0.5
Dimensionless coefficient of rolls’ operation Aw - 1.05

Source: Chlebowski [2012a].

TABLE 4. Results of variance analysis on factors affecting effective power requirement for operation

of basic forage harvester during maize shredding

Factor Sum Degrees Mean square Forn _ _Critical

of squares | of freedom P~ | significance level
Specific mass of plants 4255.8 2 2127.9 338.4 <0.0001
Humidity of plants 780.4 2 390.2 62.0 <0.0001
Speed of feeding 55.2 2 27.6 44 <0.0132
Number of knives 196.8 2 98.4 15.6 <0.0001
Revolutions of knife disk 3476.1 4 869.0 138.1 <0.0001

The simulation investigations were
carried out for moist plant flow intensity
in the range 1.5-5.3 kg-s™ (feeding of
forage harvester working units), rota-
tional speed of knife disk of 1000 rev,
that assured appropriate course of plant
cutting [Dmitrewski 1978, O’Dogherty
1982]. Various number of knives were
used in investigations (5 and 10), while
calculations were performed for theo-
retical cutting length amounted to 5 and
10 mm. The values of moist plant flow were
simulated by changing the ground speed of
forage harvester at the assumed plant yield
and working width of the machine.

RESULTS AND DISCUSSION

The results of simulation investigations
are presented on diagrams. A distinct ef-
fect of moist plant flow (feeding of for-

age harvester working units) on power
requirement for driving both the with-
drawing-compacting rolls (Fig. 1a) and
the chopping unit (Fig. 1b). An increase
in moist plant flow at certain rotational
speed of withdrawing-compacting rolls
and knife disk of chopping unitresulted in
the increased thickness of plant layer and
the increased density of plants between
rolls. At rotational speed of disk equal
to 1000 rpm, 5 cutting knives, and rota-
tional speed of withdrawing-compacting
rolls 51 rpm, that assured the theoreti-
cal cutting length equal to 5 mm, an in-
crease in plant flow intensity from 1.5 to
5.3 kg-s~* (3.5 times) caused an increase
in power by 3 and 5 times, respectively
to the drive of chopping unit and with-
drawing-compacting rolls. The highest
power requirement for driving chopping
unit at theoretical length of cutting of mm
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FIGURE 1. Effective power (P;) requirement at different flow of maize plants (qy,), various theoretical

cutting lengths and number of knives: a — withdrawing-compacting rolls, b — chopping unit
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was obtained at application of 10 knives
(Fig. 1b). Higher number of knives at the
same rotational speed of disk caused an
increase in the stem cutting frequency;
it caused an increase in power require-
ment for driving the chopping unit. The
obtained results were confirmed by ref-
erence data [O’Dogherty 1982, LisowskKi
Ed. 2009].

Interpreting the obtained simulation
results one can find, that the dynamic of
increase in power requirement for driv-
ing the withdrawing-compacting rolls is
progressive. The increased power con-
sumption by withdrawing-compacting
rolls at higher feeding of forage harvester
working units results from necessity of
transporting the higher amount of plant
material and its compacting in a thick-
er material layer between the rolls. In
thicker layer of plant material, the pres-
sure of tension springs acting on the rolls
increases proportionally; this results in
the increased friction resistance and de-
formation of material between rolls, that
should be overcome.

Using rotational speed of withdraw-
ing-compacting rolls (feeding the mate-
rial to chopping unit) equal to 100 and
201 rpm, 10 knives and knife disk rota-
tional speed of 1000 rpm, the theoretical
lengths of cutting of 5 and 10 mm were
obtained. At the moist plant material
flow of 5 kg-s™ a double increase in
plant cutting length (from 5 to 10 m) by
changing rotational speed of withdraw-
ing-compacting rolls caused a decrease
in effective power requirement of the
chopping unit by 5.4 kW (20%). The
similar effects were found at the change
in cutting length from 5 to 10 mm with
application of 5 cutting knives, while the
speed of withdrawing-compacting rolls

amounted to 50.6 and 100 rpm, respec-
tively. In this case a decrease in effective
power was lower and equal to about 17%.
The main reason for reduction of power
requirement for driving the chopping
unit at constant flow and the increased
plant cutting length is a decrease in layer
thickness of plants directed to chopping
unit at the higher rotational speed of
withdrawing-compacting rolls.

At the same settings of feeding and
knife disk rotational speed, an increase
in theoretical cutting length from 5 to
10 mm by changing the rotational speed
of withdrawing-compacting rolls, caused
a decrease in effective power for their
driving by 15 and 17%, respectively at 5
and 10 chopping knives.

A decrease in effective power re-
quirement needed for driving the with-
drawing-compacting rolls at higher val-
ues of cutting lengths results from the
lower thickness of plant layer, that is
less compacted by the rolls. Change in
plant cutting length from 5 to 10 mm
by changing number of knives from 10
to 5 at knife disk rotational speed of
1000 rpm calls for maintaining the same
rotational speed of withdrawing-com-
pacting rolls as in the case of achieving
the cutting length of 5 mm with applica-
tion of 10 cutting knives. In this case, the
energetic loading of that working unit
will be identical (Fig. 1a).

However, the effective power re-
quirement for driving the chopping
unit equipped with 5 knives instead of
10 knives, at the same speed of with-
drawing-compacting rolls, decreases
(Fig. 1b). For example, anincrease in the-
oretical cutting length from 5 to 10 mm
through the reduced number of knives,
caused a decrease in effective power
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requirement by 6 kW (22%), at moist
plant material flow of 5 kg-s™. Basing
on simulation investigations one can
find, that at moist plant flow of 5 kg.s‘l,
knife disk speed of 1000 rpm and theo-
retical cutting lengths 5 and 10 mm, ap-
plication of 5 knives instead of 10 caused
a decrease in effective power consumed
by the chopping unit by 1.7 and 0.7 kW,
respectively.

Considering jointly specific energy
consumption related to dry matter mass
(Fig. 2) for the withdrawing-compacting
rolls and the chopping unit one can find,
that in order to obtain the cutting length
of 5 mm it is better to use 5 knives in-
stead of 10. The specific energy saving
related to dry matter mass at knife disk
rotational speed 1000 rpm and rotation-
al speed of rolls 50.6 rpm can reach in
this case 800 J-kg™; this results mainly

from lower frequency of cutting plants.
Lower differences were found also in
theoretical length of cutting of 10 mm,
where rotational speed of rolls should be
increase to about 100 rpm. More distinct
differences in energetic indices at small
theoretical plant cutting length and the
reduced number of knives results from
lower speed of withdrawing-compacting
rolls, that causes an increase in plant layer
thickness between rolls and an increase
in forces in tension springs, thus, better
compacting of plants between rolls. As
a result, in spite of thicker layer of plants
chopped with the harvester’s knives, the
plant compacting by rolls improves as
well as effectiveness of cutting [Haffert
and Harms 2002, Chlebowski 2012b];
energy consumed by the chopping unit
is lower.
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FIGURE 2. Sum of specific energy related to dry matter mass (L,sm), for withdrawing-compacting rolls
and chopping unit at various flow of maize plants (qy,)
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SUMMARY

To maintain the same plant cutting
length at certain knife disk rotational
speed of forage harvester chopping unit
and its constant feeding rate, reduction
of number of knives calls for a decrease
in rotational speed of withdrawing-
compacting rolls. This results in the in-
creased thickness of plant layer and its
better compacting between the rolls. Un-
der these conditions, in spite of a thicker
layer cut by the chopping unit knives,
the lower frequency and better effective-
ness of plant cutting lead to reduction in
energetic loading of this chopping unit.
However, compacting of thicker layer
of plants by withdrawing-compacting
rolls unit causes an increase in its ener-
getic loading, resulted from the need of
overcoming higher resistance of material
compacting and friction between the cir-
cumferential surfaces of rolls and plant
material, at higher pressure of tension
springs acting on the rolls. It is evident
from energetic loading balance of the
withdrawing-compacting rolls and the
chopping unit, that at certain rotational
speed of chopping unit, the reduction in
number of cutting knives at the same the-
oretical cutting length causes a decrease
in effective power requirement of the
forage harvester, in spite of the increased
loading of withdrawing-compacting rolls
unit.
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Streszczenie: Obcigzenia energetyczne zespo/ow
roboczych sieczkarni polowej w zaleznosci od dZu-
gosci ciecia materiafu roslinnego. Na podstawie
opracowanych i pozytywnie zweryfikowanych
modeli matematycznych dla walcow wciagaja-

co-zageszczajacych i zespotu rozdrabniajacego
przeprowadzono badania symulacyjne, na pod-
stawie ktorych wyjasniono wplyw ustawienia
dtugosci cigcia materiatu roslinnego na wskaz-
niki energetyczne tych zespotéw podczas zbioru
roslin kukurydzy. Badania przeprowadzono dla
natezenia strumienia wilgotnych roslin w zakresie
1,5-5,3 kg-s7%, predkosci obrotowej tarczy nozo-
wej wynoszacej 1000 obr.-min~" i teoretycznych
dtugosci ciecia wynoszacych 5i 10 mm. Z bilansu
obciazen energetycznych zespotu walcow wcia-
gajaco-zageszczajacych i zespotu rozdrabniajace-
go wynika, ze przy ustalonej predkosci obrotowej
tarczy rozdrabniajacej zmniejszenie liczby nozy
tnacych przy zachowaniu tej samej teoretycznej
ditugosci ciecia powoduje redukcje zapotrzebo-
wania na moc efektywna sieczkarni polowej po-
mimo zwigkszonego obciazenia zespotu walcow
wciagajaco-zageszczajacych.
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