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ABSTRACT

In order to clarify the working mechanism of forage crusher, the combined cutting and crushing forage crusher
was taken as the research object, the mechanical analysis was carried out on the cutting and crushing
process of alfalfa stalk, the dynamic model was established, and the relationship between the shear force and
the relevant parameters of the cutting mechanism was defined. It was found that the cutting Angle, the
installation Angle and the wedge Angle had important effects on the cutting effect and power consumption.
The force of alfalfa stem in the grinding chamber is mainly related to the speed of the grinding shaft, the gap
between the hammer and the rolling plate. With the output speed of motor, feeding amount, screen diameter
and water content as test factors, productivity, silking rate, power consumption and average crushing length
as evaluation indicators, the single factor test was carried out to determine the influence of each test factor on
the evaluation indicators. The research results can provide reference for the optimization design of grass
crusher.
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INTRODUCTION

Animal husbandry is an important part of agriculture and plays an important role in the national
economy of our country (Zhang et al., 2021; Jiang et al., 2019). The production and supply of forage is the
basis of the development of animal husbandry, which affects the scale and speed of animal husbandry
development. China's grass planting area is close to 15 million mu, accounting for 8.2% of the arable land.
The total annual output of forage is 90 billion kg, and the total output value is 12 billion US dollars (Chen et al.,
2023; Wu et al., 2022; Wu et al., 2018).

Grass processing can be divided into cutting processing, crushing processing and kneading processing
according to the crushing form (Wang et al., 2021; Zhao et al., 2019; Xu et al., 2020). The corresponding
models are cutting mill, hammer mill and so on. The cutting mill breaks the grass by cutting, but the broken
grass after processing is mostly round stem, and there are hard joints, which will lead to indigestion and
palatability of livestock, which is not conducive to digestion and absorption of livestock (Li, 2023; Wang et al.,
2024; Liu et al., 2019).

The hammer mill first pulverizes the grass to a certain extent through the impact of the hammer, and
then throws the grass at a faster speed to the kneading board and the sieve plate in the crushing room, and is
further crushed by the collision of the kneading board and the rubbing of the sieve plate, which has high
crushing efficiency and wide adaptability (Ma et al., 2016; Wang et al., 2017; Liu et al., 2011).
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Because the forage with high water content has strong toughness, the force required when it is broken
by blows and other effects is greater, and the whole forage is easy to wind the rotor when it is crushed,
resulting in blockage (Fan et al., 2021; Wang et al., 2021; Jia et al., 2014). Therefore, the existing grinder still
has some problems, such as low efficiency, poor crushing quality, and not being suitable for forage with large
water content.

To solve the above problems, our team designed a cutting and crushing combined grass crusher, which
preprocessed the grass before crushing, and cut it into small segments of a certain length by cutting. However,
its working mechanism is not clear. This study conducted a theoretical analysis of the cutting and crushing
process, explored the crushing mechanism of the crusher on grass, identified the factors influencing crushing
quality, and performed an experimental study using these factors to analyze their impact on the crushing effect.

MATERIALS AND METHODS
Structure and working principle

Cutting and crushing cooperative grass kneading machine is mainly composed of feeding conveyor belt,
conveyor chain plate, feeding mechanism, screening mechanism, kneading mechanism, cutting mechanism
and other parts. The structure is shown in Fig. 1.

Fig.1 — Structural diagram of cutting and crushing cooperative forage kneader
1. Feeding conveyor belt; 2. Conveyor chain plate; 3. Feeding mechanism;
4. Screening mechanism; 5. Kneading mechanism; 6. Cutting mechanism

The kneading operation is mainly divided into the following stages: feeding stage, the whole grass is
transported to the conveyor chain plate through the feeding conveyor belt, and the grass enters the cutting
chamber by rotation of the feed roller. In the cutting stage, the grass is cut into a certain length under the
shearing action of the rotating motion of the grass knife and the fixed knife, and the cut grass is pushed to the
kneading chamber under the rotation of the grass knife. In the kneading stage, the grass section is broken
into filaments under the synergistic action of the hammer and serrated knife, the kneading and tearing
between the hammer and serrated knife and the kneading tooth plate, the impact and friction between the
sieve plate, etc.

In the screening and sending stage, the broken grass that meets the kneading length is thrown to the
outside of the kneading machine through the screen plate under the combined action of the air flow generated
by the rotation of the kneading rotor and the centrifugal force. The broken grass that is larger than the
kneading length needs is kneaded in the kneading chamber for the next time, and further broken through the
same crushing method as the last kneading until the length meets the kneading demand.

Mechanical analysis of cutting process

The cutting process is realized by the combination of cutting knife and fixed knife, and the shear force
generated on the stem and the thrust generated by the feed roller act on the stem together (Wu et al., 2022;
Jiang et al., 2019; Wu et al., 2018). In order to facilitate the force analysis of the whole system, the following
assumptions are made: the shape of alfalfa stalk is cylinder, the whole organization is uniform and continuous;
the shear of the stem is balanced at every moment; the force analysis is based on a single shear. Consider
alfalfa layer as a whole; the compression and deformation of the feeding roller on alfalfa were ignored.
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The stress of alfalfa stem and tool in the cutting process was analyzed, as shown in Fig. 2.
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Fig. 2 — Force analysis of the chopping mechanism

a) Stress analysis of alfalfa stalk cutting process; b) Force analysis of the knife

In the process of cutting, the main forces on the stalk are: (1) the positive pressure Fq of the knife facing
the stalk, the direction is perpendicular to the knife face down; (2) the friction force fq of the knife facing the
stalk, the direction is consistent with the direction of the knife movement; (3) the supporting force F, of the
feed tank and the fixed tool on the stalk, the direction is always perpendicular to the bottom surface of the
feed tank and the fixed tool; (4) the direction of the pressure Fq and friction force fy of the feeding roller on the
stalk are vertically downward and consistent with the direction of the stalk feed, respectively; (5) the direction
of gravity Gs on the stalk and friction fj on the bottom of the feed tank facing the stalk are vertical downward
and opposite to the direction of feed, respectively; (6) the tool is subjected to the force F: and F, provided by
the cutting shaft, and the directions are respectively the tangential direction and the center direction of the tool
moving path; (7) the tool is subjected to the friction Fs of the stalk, and the direction is opposite to the
direction of the knife movement; (8) the tool is subject to the supporting force fsg provided by the stalk, and the
direction is perpendicular to the tool face.

According to the horizontal force balance of alfalfa stalk, it can be obtained:

Fysino=f,+f;+fjcoso 1)
From the vertical force balance of the stem, it can be obtained:
Fycoso+Gs+Fy + fysind=F, )
With the cutting edge of the knife as the fulcrum, the moment of the stalk is balanced:
FgL1+GsL3+fg(f—Hm)=FnL2+fme (3)
The horizontal component of Fq under the positive pressure of the blade facing the stalk is:
Fao=fg+ f;+ fycoso 4)

The vertical component of Fq under the positive pressure of the blade facing the stalk is:
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The encounter angle of knife is:

W, =90°-c (6)
The angle between the back cutter face and the horizontal direction is:
6=180°-a-B-y, @)

The shear force of cutting action on the stalk causing the stalk to break is:
_F,-G,—F, — fysin(180° —a - B-y,,)

° S

where: S is cross-sectional area of alfalfa stalk, m?; a is installation rear angle of the tool, (°); § is wedge angle

of the knife, (°); wm is knife angle, (°); Hm is vertical distance from any point on the knife path to the bottom of

the feed tank, mm; L; is horizontal distance between the feed roll and the tool, mm; L is the horizontal
distance between the center of gravity of the alfalfa stem and the tool, mm.

T

(8)

Mechanical analysis of crushing process
Smashing process
The force analysis of alfalfa stem in the attack and breaking process is shown in Fig.3.

Fig. 3— Force analysis of alfalfa stem during crushing

Alfalfa stems are mainly subjected to the combined action of four forces, namely gravity G, the striking
force Fp1 of the hammer on the alfalfa stalk, the friction force Fr of the hammer on the alfalfa stalk and the
Coriolis inertia force Fic1 of the alfalfa stalk. The center of the stalk is regarded as the center of mass, and all
external forces act on the center of mass.

According to D 'Alembert's principle, the balance equation of the impact force on alfalfa stalk can be
obtained as follows:

> F, =0, F;;—Gcosey =0

. 9)
> F,=0, Fp—Gsing,—F, =0
F..= sin
where: 1 =AM ' (20)
I:icl = -mlac = -2ma)evr1

By combining equations (9) and (10), the following is obtained:

Fo1 =2m oV, —mgsin o (11)
where: Fp; is striking force of alfalfa stalk by hammer, N; G is alfalfa stem gravity, N; m; is alfalfa stalk mass,
kg; Fr. is the friction force of alfalfa stem against the hammer, N; Fic; is Coriolis inertia force, N; w1 is friction
coefficient between alfalfa stem and sieve plate; w: is angular velocity of the rotor, rad/s; vi1 is linear velocity
at the end of the hammer, m/s; a4 is the angle between alfalfa stem gravity and the X-axis, (°).
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According to Formula (11), when the internal structure of the kneading machine remains unchanged,
the impact force Fp; of the alfalfa stem under the hammer is mainly affected by the angular velocity @ of the
kneading rotor and the linear velocity vr1 of the hammer end. The greater the angular velocity of the kneading
rotor wi and the linear velocity of the end of the hammer piece Vi1, the greater the impact force on the alfalfa
stalk, and the change of the two sizes depends on the change of the speed of the crushing shaft.

Impact crushing
The force analysis of alfalfa stems during impact crushing is shown in Fig. 4.

Fig.4 — Force analysis of alfalfa stem impact crushing process

According to D ‘Alembert's principle, the equilibrium equation of the impact force on alfalfa stalk can be
obtained:

: 12)
Fico = —2My0Vy
m
where: Feo =1 29 (13)
cosa,
2
n
h
By combining equations (12) and (13) the following is obtained:
; 2
F, = (2w,V,, SN ¢, —n°)cosa, —g(l—cosar,) (14)

cos(a, + a3)
where:

Fo2 is impact force on alfalfa stem, N; Fy is friction force on alfalfa stem kneading plate, N; Fic is
Coriolis inertia force, N; F is centrifugal force on alfalfa stem, N; n is spindle speed, r/min; Iy is distance
between the center of mass of alfalfa stem and the center of rotor, m; u> is friction coefficient between alfalfa
stem and kneading plate; a2 is the angle between alfalfa stem and impact force, (°); as is the angle between

the alfalfa stem and the impact force (°); as is angle between Coriolis inertia force and X-axis, (°); ¢ is
acceleration of gravity, m/s2.

Rubbing crushing
The force analysis of alfalfa stems during rubbing and crushing is shown in Fig. 5.
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Fig. 5 — Stress analysis of alfalfa stem kneading and crushing process

According to the law of conservation of momentum:

Mv = Mv; + mgv, (15)
D
60 (16)
Vl =
60

By combining equations (15) and (16), it is obtained:

V. = AMD(n, —n,)

17
? 60m, 4

where: M is weight of hammer, kg; Vv is linear velocity at the end of the hammer, m/s; vi is velocity after the
hammer hits the alfalfa stalk, m/s; v, is alfalfa stalk speed after being hit, m/s; ny is rotational speed before the
hammer hits the alfalfa stalk, r/min; N2 is rotational speed after the hammer hits the alfalfa stalk, r/min.

According to D 'Alembert's principle, the balance equation of kneading-force on alfalfa stems can be
obtained as follows:

> F, =0, Gsinag+F;,—F —F;3=0

(18)
Z Fy = O’ FD3 + G COS CZ5 - FiC3=0
where:
Fis = uFps
2 2 212 2
Vv m°z°D“(n, —n
Fq=pm = U LY
D+o 3600(D +0) (19)
Fics = 2mav,
1
Fe =-CpSv,,
2
By combining equations (18) and (19), it is obtained:
M 22%D?(n, —n,)?
Fos = 14, (0 =) (20)

3600m(D + J)

where: Fps is kneading force on alfalfa stem, N; Fy3 is friction of the end of the hammer against alfalfa stalk, N;
F is friction of kneading board on alfalfa stalk, N; Fy is air resistance, N; Fics is Coriolis inertia force, N; ¢ is
hammer plate clearance, m; C is air resistance coefficient; p is air density, kg/ms; S is alfalfa stem windward
area, mg; Vr2 is relative velocity of material to air, m/s
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According to formula (20), the extrusion rubbing force on alfalfa stems is mainly affected by the
rotational speed n; before the hammer hits the alfalfa stalk, the rotational speed n; after the hammer hits the
alfalfa stalk, rotor diameter D, and the gap J between the hammer and the kneading board.

It can be seen from the above analysis that the main factors affecting the kneading effect of alfalfa stem
in the kneading room are the rotating speed of the kneading shaft and the gap between the hammer and the
kneading board.

RESULTS AND DISCUSSIONS

The performance test of the designed crusher was carried out. Alfalfa was processed and collected in
Duerbert County, Daging City, Heilongjiang Province. The collected alfalfa was cut in full field at the bud stage,
and there was no obvious mechanical damage. The average density of alfalfa was 996 kg/m?3 after many
measurements and calculations. The experiment was conducted in the crop harvesting Laboratory of
Heilongjiang Bayi Agricultural University, and the test site was shown in Fig. 6.

Fig. 6 —Test Site
1. Power consumption test device; 2. Crusher; 3. Feeding conveyor belt

According to the theoretical analysis results and in order to check the grinding effect of the machine on
high water content alfalfa, productivity, silking rate, average crushing length and power consumption were
selected as performance indexes, and a single factor test was carried out with motor rotation speed, screen
diameter, feeding amount and water content as test factors. Alfalfa with required moisture content was
obtained by natural drying. The evaluation indexes were calculated as follows:

Productivity
Feed the weighed alfalfa, record the feeding test time, weigh the output sample quality, and calculate
the productivity:

y, = ?x 3600 (21)

where: M is quality of alfalfa for testing; t is test time, s.

The test time t is short. In order to meet the test accuracy, the working time of this test is obtained from
the data analysis of the torque-time curve of DYN-200 torque sensor.

Silk rates
Samples were collected at the outlet, at the same time interval for 3 times, each time no less than 200 g.

All samples were mixed and weighed. Qualified alfalfa silk was screened and weighed, and its silk rate was

calculated as:

_m

y, = —x100% 22)

My
where: my is quality of alfalfa silk in the sample, g; mq is alfalfa sample quality, g.

Average crushing length

By weighing 500 g samples of broken materials for measurement and classification: below 30 mm,
30~40 mm, 40~50 mm, 50~60 mm, 60~70 mm, 70~80 mm and above 80 mm, the average length of
broken stems and the corresponding mass mi between each grade are measured, weighed and
measured 3 times, and the average value is taken. The average crushing length is calculated as:
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nL=42_ (23)

Power consumption

The power consumption is determined by the DYN-200 torque power sensor installed on the motor
spindle. After each group of tests, the instantaneous torque, power and required time measured by the sensor
are derived through the torque measurement system, and the instantaneous power of the effective working
period is calculated to obtain the kneading power consumption. The calculation formula is as follows:

W, = [ P(t)t, (24)

where: W, is kneading power consumption, kJ; P(t) is instantaneous power, kW; t;is kneading time, s.
Test results and analysis

According to the pre-test and the adjustable range of the machine, the rotation speed of the motor
ranges from 150 to 600 r/min, the sieve diameter from 12 to 22 mm, and the feeding amount from 0.5 to 2.5
kg/s. According to the different water content requirements of the post-harvest processing of alfalfa, the water
content of the single factor test ranges from 10% to 80%.

(1) Effect of motor rotation speed on performance evaluation index

The influence of motor rotation speed on performance evaluation index is shown in Fig. 7 (Sieve
diameter is 16 mm, feeding amount is 1.5 kg/s, moisture content is 80%).
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Fig. 7 — Influence of motor rotation speed on performance evaluation index

It can be seen from the figure, that with the increase of the motor rotation speed, the productivity and
silking rate both increase first and then decrease, the average crushing length decreases, and the power
consumption increases. The reason is that with the increase of the motor rotation speed, the chopping and
crushing rotor speed will be accelerated, and the interaction frequency between alfalfa and the crushing parts
can be increased per unit time, so the productivity and silk rate increase. The increase of interaction
frequency also reduces the length of the stalk crushing and increases the power consumption. When the
motor rotation speed is too large, the broken grass will rotate along with the crushing rotor, forming a
circulation, which cannot be thrown out of the body through the screen in time through the centrifugal force,
and will cause excessive crushing, and the silked alfalfa is too fine, so the productivity and silking rate show a
decreasing trend. The motor rotation speed is in the range of 250~500 r/min, the productivity and the silk rate
are at a high level, when the motor rotation speed exceeds 500 r/min, the productivity and the silk rate drop
sharply, the average crushing length decreases sharply, and the power consumption rises sharply, so the
motor rotation speed should not exceed 500 r/min. Considering the performance evaluation index
comprehensively, the grinding performance is better in the range of 250~500 r/min.

(2) Effect of sieve diameter on performance evaluation index
The influence of sieve diameter on performance evaluation index is shown in Fig. 8 (motor rotation
speed is 350 r/min, feeding amount is 1.5 kg/s, water content is 80%).
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Fig. 8 — Influence of sieve diameter on performance evaluation index

It can be seen from the figure that with the increase of the screen diameter, the productivity and
average crushing length show an increasing trend, while the silk rate and power consumption show a
decreasing trend. The reason is that the larger the diameter of the sieve hole, the lower the limit of broken
grass passing through the sieve hole, the longer the length of the stalk that can pass through the sieve, the
more alfalfa can be fed in the same time, the higher the discharge efficiency, and the higher the number of
crushing per unit time, so the productivity increases and the power consumption decreases.

However, some alfalfa whose length is longer than the requirement of crushing will pass through the
sieve, resulting in a decrease in the silking rate and an increase in the average crushing length. When the
sieve diameter is less than 14 mm, the broken grass through the sieve is more limited, so the productivity is
low, the silk rate is high, the average crushing length is short, and the power consumption is large. When the
screen diameter exceeds 20 mm, although the productivity is on the rise, the power consumption is low, but
the silk rate drops sharply, and the average crushing length exceeds the crushing requirements. Therefore,
the screen diameter should not exceed 20 mm. Considering the performance evaluation index
comprehensively, the screen diameter ranges from 14 to 20 mm, the productivity and silk rate are relatively
stable, and at a high level, the average crushing length is close to the crushing requirements, the power
consumption is at a moderate level, and the crushing performance is better.

(3) Effect of feeding volume on performance evaluation indexes
The influence of feeding amount on performance evaluation index is shown in Fig. 9 (motor rotation
speed is 350 r/min, screen diameter is 16 mm, water content is 80%).
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Fig. 9 — Influence of feeding amount on performance evaluation index
As can be seen from the figure, with the increase of feeding amount, the production first increased and

then decreased, the silk first decreased and then increased, and the average crushing length and power
consumption showed an increasing trend.
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When the feeding amount is 0.5~1.75 kg/s, the feeding mechanism has self-adjustment ability, alfalfa
can enter the machine smoothly, and the alfalfa in the cutting bin and crushing bin increases, so the
productivity increases, the power consumption increases, the interaction frequency between a single alfalfa
and the crushing parts decreases, so the silking rate decreases, and the average crushing length increases.
When the feeding amount is greater than 1.75 kg/s, the self-adjustment ability of the feeding mechanism is
weakened, part of alfalfa begins to accumulate at the feeding outlet, and the alfalfa in the cutting and crushing
bin decreases, so the productivity decreases, and the interaction frequency between a single alfalfa and the
crushing parts increases, so the silking rate increases. When the feeding amount exceeds 2 kg/s, the
productivity begins to drop sharply. Considering the performance evaluation index comprehensively, the
crushing performance is better in the range of 1~2 kg/s.

(4) Effect of moisture content on performance evaluation index
The influence of water content on performance evaluation index is shown in Fig. 10 (motor rotation
speed is 350 r/min, screen diameter is 16 mm, feeding amount is 1.5 kg/s).
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Fig. 10 — Influence of moisture content on performance evaluation index

Moisture content (%)

As can be seen from the figure, with the increase of water content, both productivity and silking rate
showed a downward trend. The average pulverizing length and power consumption are on the rise. The
reason is that when the moisture content of alfalfa stems is low, it is brittle and easy to break, so the
productivity is high and the power consumption is low. With the increase of moisture content, the toughness of
alfalfa is greater, the adhesion between the internal components of the stems is enhanced, and the crushing
force required is greater, and it requires multiple strikes, rubbing and impact to meet the requirements of
crushing length, so the productivity and silking rate are gradually reduced. The average crushing length is
long and the power consumption is large. However, the silking rate is always greater than 90%, which reflects
that the machine can crush alfalfa with different moisture content.

CONCLUSIONS

(1) Dynamic analysis was carried out on the cutting process of alfalfa stalk, a dynamic model was
established, and the relationship between shear force and relevant parameters of the cutting mechanism was
defined. It was found that the cutting Angle, installation Angle and wedge Angle had important effects on the
cutting effect and power consumption. The dynamic analysis of the grinding process of alfalfa stalk in the
grinding chamber shows that the force of alfalfa stalk in the grinding chamber is mainly related to the rotation
speed of the grinding shaft, the gap between the hammer and the kneading board.

(2) Through the single factor test, the influence law of motor output speed, sieve diameter, feeding
amount and moisture content on productivity, silking rate, average length of silk kneading and power
consumption are respectively explored. The test results show that with the increase of the output speed of the
motor, the productivity and the spinning rate increase first and then decrease, the average length of the
spinning wire decreases gradually, and the power consumption increases gradually. With the increase of the
screen diameter, the productivity and the average length of the yarn increase gradually, and the silk rate and
power consumption decrease gradually. With the increase of feeding amount, the production increases first
and then decreases, the silk decreases first and then increases, and the average kneading length and power
consumption increase gradually. With the increase of water content, the productivity and silking rate gradually
decrease, and the average length and power consumption of the kneading wire gradually increase.
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