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The treatment and utilization of straw is a considerably complex type of problem in agricultural
production. A mobile pellet harvester integrates the mechanisms of picking, drying, crushing, and pelletizing,
thereby solving the problem caused by the traditional method and reducing human effort and material resources.
The crushing mechanism of a mobile pellet harvester was designed and studied, and the shape of the hammer
slice was innovatively proposed, thereby substantially improving the working efficiency during the crushing
process. Ansys finite element analysis software was used to perform static and dynamic analyses of the key
components of the crushing mechanism (i.e., hammer slices, hammer framework, and crushing spindle). These
components have sufficient rigidity, strength, and good dynamic balance to meet the working requirements of

the straw pulverizer.

Straw is the largest crop by-product produced in agricultural
production. However, only a small amount of straw is used
for livestock feeding, and most of the remaining straw is in-
cinerated in the field (Hao et al., 2018). With the progress
of agricultural production, the amount of straw has also in-
creased considerably, and long-term, large-scale burning of
straw continuously worsens our environment (Sun et al.,
2020). Therefore, studies have proposed that the comprehen-
sive development and utilization of crop straw should be im-
proved to turn waste into treasure (Shi et al., 2018).

At present, straw has various utilization methods, such
as returning land, carbonizing, generating electricity, mak-
ing fodder, straw-charcoal-based fertilizer, and straw biogas
(Xiong et al., 2010). With the increasing demand for straw,
how to collect the scattered straw in the field immediately
and effectively has become an urgent problem to be solved.
The efficient utilization of straw is needed by changing the
traditional straw collection method and using modern mech-
anized technology to collect straw. The main reasons for the
low technology includes straw collection and treatment. The
technology level is low, and the commonly used collection
processing equipment is mainly small equipment. A struc-
tural contradiction is prominent, the existing small machin-

ery have low working efficiency, and large machinery com-
patible with the use of large-scale industries is lacking (Jian
and Liu, 2013). The application range of mechanization is
narrow, only a small part of the straw treatment process has
been used by modern machinery, and there is no equipment
to solve the continuous operation (Miao et al., 2011).

A mobile pellet harvester is straw collection equipment in-
tegrating picking, collecting, crushing, drying, and pelletiz-
ing (Tumuluru, 2014). This machine can collect and process
straw in the field and directly process it into straw particles
instead of the traditional tedious separation process (Zhang
et al., 2011). The operation substantially improves the work-
ing efficiency of straw collection, reduces human effort and
material resources, and also improves the comprehensive uti-
lization rate of straw (Zong et al., 2016).

The crushing part is designed to be installed on the mobile
pellet harvester after the pick-up and collection device and
before the granulation device (Wang et al., 2009). As shown
in Fig. 1, after the straw is collected by the picking device,
it is sent to the conveyor belt 1 (1), and the straw transmit-
ted on the conveyor belt 1 (1) is compressed by the upper
feed roll (2) and the lower feed roll (4) through the feed-
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Overall structure diagram of the crushing system.
(1) Conveyer belt 1. (2) Upper feed roll. (3) Feeding device.
(4) Lower feed roll. (5) Cylinder. (6) Moving blade. (7) Fixed blade.
(8) Hopper. (9) Conveyer belt 2. (10) Blower. (11) Heater coil.
(12) Screen. (13) Hammer slice. (14) Crushing chamber. (15) Mo-
tor. (16) Condensation system. (17) Drying chamber. (18) Discharg-
ing tube.

ing device (3). The straw is initially cut under the action of
the moving blade (6) and fixed blade (7) driven by the cylin-
der (5). Thereafter, the straw fragments, crushed for the first
time, fall into the hopper (8) and are driven into the crushing
chamber (14) by the conveyor belt 2 (2) for secondary crush-
ing. After the material enters the crushing chamber (14), it
is hit by the hammer slices (13) that move in a circular mo-
tion with the rotor movement. The hit material further flies
to the screen plate of the machine body and collides (Saez-
Trumper, 2019). In the crushing chamber (14), the material
interacts with the hammer slices (13) and screen plate. The
material conforming to the crushing standard falls into the
drying chamber (17) through the screen (12), is dried and
cooled by the drying device, and is eventually blown out from
the discharging tube (18) by a blower (10).

The hammer mill is generally composed of a feed inlet, feed
outlet, body, rotor system, truss plate, screen, and transmis-
sion system (Zhang et al., 2007).

The rotor system is the most important working compo-
nent of the crushing mechanism, which mainly consists of
hammer slices, a rotating spindle, pins, and hammer frame-
works (Mani et al., 2006). The entire rotor system is mounted
on the frame by bearings, and a section of the rotating spin-
dle is connected to the motor, thereby carrying out the main
movement of the crushing mechanism (Kaliyan and Morey,
2009).

The structure of the hammer slice has various forms, mainly
divided into a slat-shaped rectangular hammer slice and step-
shaped hammer slice and a few of the considerably com-

Motion diagram of the hammer slice. O — spindle axis;
07 — pin axis; R — the spin radius of the pin around the spindle; C
— hammer slice centroid.

plex working environments using the ring hammer slice (Hill
et al., 2008). The rectangular hammer slice has a simple
shape, is easy to manufacture, and has good generality. It
has two pin holes and can be used alternately at the four
corners, thereby increasing the service life and economic
performance of the hammer slice. Moreover, the rectangu-
lar hammer slices with welded edges improve the service
life by welding the four corners with wear-resistant metal,
although the cost is considerably high. The step-shaped ham-
mer slices (e.g., trapezoid, diamond, and angle) have a high
crushing efficiency compared with the rectangular hammer
slice, but they have poor wear resistance (Wang, 2018). The
structure of the ring hammer is complex and the cost is high,
which is suitable for some special working environments. By
considering the actual situation of this crushing device, the
straw has been crushed once by the guillotine before enter-
ing the crushing chamber. Thus, its crushing efficiency has
been substantially improved during the second crushing, re-
sulting in the service life of the hammer slice becoming the
main consideration. Therefore, a rectangular hammer is ini-
tially selected. Experiments have shown that the length of the
hammer slice is crucial. If the hammer slice is considerably
long and thick, then the metal consumption increases and the
output per degree is reduced, which is not conducive to pro-
duction efficiency. If the hammer slice is markedly short and
thin, then the impact and wear resistance will be reduced,
thereby diminishing service life.

The structure of a hammer mill rotor is characterized by
the hammer slices being hinged with the pin, and each ham-
mer slice can be regarded as a single pendulum motion with
the pin as the origin, with the circular motion of each hammer
slice around the spindle with the movement of the rotor.

As shown in Fig. 2, O is the spindle axis, O is the pin
axis, C is the hammer slice centroid, Fj is the centrifugal
force generated by the rotation of the hammer slice around
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Figure 3. Diagram of the shape of a hammer slice.

Figure 4. Model diagram of the hammer framework.

the spindle, F> is the centrifugal force generated by the ro-
tation of the hammer slice around the pin, f is friction be-
tween the hammer slice and inner surface of the pin hole, N
is the pressure between the hammer slice and the inner sur-
face of the pin hole, and mg is the gravity. Forces subjected
to the hammer sheet include gravity (mg) acting on the cen-
troid, centrifugal force Fi, F>, motion resistance F3 during
motion, and force N, f, which act on the hinge of the ham-
mer slice and pin. The motion consists of the rotation of the
hammer slice around the axis of the spindle w; and the sim-
ple pendulum motion of the hammer slice around the axis
of pin wy. When the hammer mill works, the hammer slice
moves with the spindle at high speed under the connection
of the pin. Moreover, there is a deflection angle § when the
hammer slice moves, and the positive pressure between the
hammer slice and pin is produced during movement. Thus,
friction force is produced on the contact surface.
Accordingly, the physical analysis of the hammer slice
was conducted on the basis of the preceding discussion.
Take the moment on the point O as follows:

Mg =mg-r-sina (1)

Mpi=mwiR-r-sina )
1

Mp3=F3-d=F3-Ly-cosa+ 5bF3 sina 3)
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mg-r-sino =mw%Ror-sina+F3-L2-cosa
+ %bF3 sinc. 4@
Given that the hammer slice swings slightly around the pin

axis, sino ~ o and cosa ~ 1.
Moreover, in the following:

r-sina
inf = . 5
sin 8 L %)
Thereafter, in the following:
F3-Ly
a= :
mg.r—mw%R‘r— 7bF3
_ F3- L,
b (,oAg -r —,oAa)%R T — %Fy,)
Fs-Ly
= — (6)
b [,oAr(g —w?R) — §F3]
Take the moment on the point O as follows:
mg-Ly-sinf =mw§r - R -sina
1
+ F3 <R+L2-cosa+§bsina). @)

The resultant force is as follows.

Given that the hammer slice swings slightly around the pin
axis, sino ~ « and cosa ~ 1.

In addition, in the following:

r-sing
ing = . 8
sin B I 3)
Thus, in the following:
F3-(R+L
oy 3-(R+ L) ©)

b [pAr(g — a)%R) — %F3] .

According to experience, the excessive deflection angle of
the hammer slice will reduce the crushing efficiency, increase
the dynamic imbalance of the rotor, cause the device to vi-
brate excessively, generate large noise, and reduce service
life (Stelte et al., 2011).

Equation (9) shows that the geometric parameters of the
hammer slice have a certain influence on the crushing effi-
ciency. The centroid is far from the pin axis, and the deflec-
tion angle is small, which is good for crushing. The hammer
slice area A is large, and the deflection angle is small, which
is good for crushing. The spindle radius R is small, and the
deflection angle is small, which is good for crushing.

Given the preceding analysis, the shape of the hammer
slice is further designed to be trapezoidal, as shown in Fig. 3,
thereby enabling the centroid to be close to the blade tip, and
the centroid of the hammer is calculated using the negative
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area method (Zhou et al., 2011). Let the area of the round
hole be §; and the area of trapezoid be S.

Si=7r2, X1 =0,Y, =L

__ (a+b)h _ __ h(2a+b)
SZ =4 7 X;/ZS— ())/7 SYZ = 3(aa+b) . (]O)
X, =0,Y, = 2E=hs

Research has shown that the thickness of the hammer slice
used in the Chinese market is generally 4—6 mm. Although
the thickness of a thin hammer slice is sharp, the grinding
effect is better and grinding efficiency is high. However, the
thin hammer slice will reduce service life, thereby increasing
waste in the production process. Given that there is prelimi-
nary crushing before the straw enters the crushing chamber,
the thickness of the hammer is designed to be 5 mm.

We then determine the following: a =40.00mm,
b=80.00mm, & =150.00mm, L =120.00mm, and
r =10.00mm. The centroid is as follows: X¢c =0 and
Yc = 66.60 mm.

The material of the hammer framework is Q235 steel. The
three hammer frameworks are placed in parallel on the same
shaft, as shown in Fig. 4, and five groups of hammer slices
are placed between each hammer framework at a distance of
240 mm. Each hammer framework has a diameter of 400 mm
and thickness of 15 mm. In addition, each hammer frame-
work is evenly opened with four pin holes, with a diameter
of 20 mm, located on a circle with a shaft having a diameter
of 360 mm as the center.

The crushing spindle of a hammer mill is a transmission
shaft, which is directly connected to the output end of the
motor, and the other end is fixed. The spindle mainly trans-
mits torque and bears torsional moment. Given the preceding
working conditions, the spindle of 40 Cr (quenching and tem-
pering) is selected, which can bear large loads, hardness is
241-286 HBS, and allowable stress is [o ] = 735 MPa. Given
that the crushing spindle is the transmission shaft, the diam-
eter of the spindle is calculated according to the torsional
strength condition, and the calculation Eq. (11) of the spin-
dle diameter is as follows:

P
d> Aoy —, (11)
n

where d is the spindle diameter, in millimeters, Ag is the ma-
terial coefficient giving 150, P is the power delivered by the
spindle in kilowatts, and N is the speed of the spindle in rev-
olutions per minute (r/min).

Place the power P =5.50KW and spindle speed n =
2000 r/min into the Eq. (11) and find d =21.02 mm. The

Deformation and stress of the hammer slice under different

loads.
Load (N) Deformation (mm) Stress (MPa)
100 0.002476 3.526880
200 0.004952 7.053760
300 0.007428 10.580600
400 0.009904 14.107500
500 0.012190 17.363100
800 0.019808 28.215000
1000 0.024760 35.268800

connection between the spindle and rotor system is cru-
cial. Given the weakening effect of the key groove on spin-
dle strength, the spindle diameter is increased by 7 %, d =
22.49 mm, and the standard value of the diameter is 40 mm.

The model is divided by the meshing tool in Ansys, the edge
length is set to 2, and the mesh in the local area is refined.
After the division is completed, the number of division units
is found to be 2578, and the number of nodes is 2732.

The hammer slice was connected to the hammer framework
through the pin and moves along with the crushing spindle.
Hence, all 6 degrees of freedom at the hammer slice hole are
constrained (Jia, 2014).

When the hammer slice works, one side of the hammer
slice collides with the material to produce the interaction.
Assuming that the hammer slice was subjected to uniform
force in the work process, 100, 200, 300, 400, 500, 800,
and 1000 N act on the side of the hammer slice (Quan et al.,
2011). The analysis results are shown in Table 1.

The results show that, when the load is 1000 N, the stress
of the hammer slice is 35.2688 MPa, which substantially be-
low the allowable stress of 430 MPa. When the load on the
hammer slice is 10 000 N, the stress is 352.6880 MPa, which
is also below 430MPa. In summary, the hammer design
meets the requirements of strength and rigidity.

The hammer framework is an integral component of a rotor
system. Its main function is to support the pin and ensure
the relative connection between the pin and hammer slice
(Gomez et al., 2008). In the high-speed rotation of a rotor
system, the force of the hammer framework is located on
the contact surface with the pin (Zhang and Jing-Lan, 2013).



Pressure on the contact surface is the sum of the pressure of
the pin against the hammer framework and the centrifugal
force received by the pin. The mechanical analysis of the pin
is shown in Fig. 5. Fy1, Fy1, Fx2, Fy2, Fy3, and F)3 are the
acting forces of the pin mounting holes of the three hammer
slices on the pin. Meanwhile, F4 and F5 are the sum of the
centrifugal forces on the left and right sides of the pin. Given
that the pin and hammer framework are in line contact, the
horizontal force can be considered to be approximately zero.

Figure 5 shows that L1 =25mm, Ly = L3 =Ls=Ls5s=
120 mm, and L = 90 mm. The centrifugal force Fj of a sin-
gle hammer slice is obtained as follows:

Fo = mw?r, (12)

where m is the single hammer slice mass, w is the rotating
angular velocity of the rotor system, and r is the distance
from the center of the rotor to the center of the hammer slice
centroid.

The hammer slice material is 65 Mn, the mass m of a
single hammer slice is 0.034 kg, the rotor system speed
n=2100r/min, and w =2nwn =219.91rad/s. After calcu-
lation, r =333.40mm, Fy= mw?r = 548.20N, and Fy=
F5s =5Fy=2741.00N.

From the preceding information, the force balance and
moment equations are as follows:

Fiy+ Foy + F3y = F4 + F5s (13)
Fyly+ F5(Ly+ L3+ La) =
Foy(Lo+ L3)+ F3y (Lo + L3+ L4+ Ls). (14)

Figure 5 shows that the pin is a statically indeterminate beam,
and the unique value of the force at each point of action can-
not be determined. Thus, deflection is introduced. Assuming
that the constraint on the middle hole is redundant, the deflec-
tion at point B is 0 (Jinglan et al., 2014), and the deflection
at point B is the sum of the deflections of various forces at
point B as follows:

WB = w4+ w5 —wzy =0

5q(4L)* _ Fpy(4L)

384E1  — 4‘18EI : (15)
__ 3k

q9=3L

Fpy, =3426.25N and F, = F3y, = 1027.88 N are obtained.

When the hammer mill is in operation, the holes in the
hammer slice are subjected to the centrifugal force gener-
ated by the hammer slice and the centrifugal force gen-
erated by the pin (Du et al., 2015). Fpin :mpina)ginrpin,
mpin = 0.150kg, wpin = 219.91 rad/s, rpin = 180 mm, Fpin =
1305.70 N, and the centrifugal force of a single pin acting on
each hammer framework is F. = 435.00N.

In summary, the force on each pin hole in the middle ham-
mer framework is Fg = 3861.00N, and the force on each
pin hole on the hammer framework on both ends is Fp =
Fc = 1463.00 N. The stress conditions of the three hammer

First sixth-order natural frequencies of the spindle.

Modes Frequencies (Hz)
1 0.968
2 0.975
3 6.256
4 6.300
5 17.420
6 17.536

frameworks indicate that the middle hammer framework is
the most stressed. Therefore, when performing static analysis
on the hammer framework, the strength of the intermediate
hammer framework should be analyzed.

Ansys is used to analyze the hammer framework. The
stress distribution and deformation diagrams are as shown
in Figs. 6 and 7. Note that the maximum stress is 33.7 MPa
around the pin and spindle holes, and the maximum defor-
mation is at the edge of the hammer framework. Hence, the
design meets the requirements of strength and rigidity.

By defining the element attributes of the Ansys Brick 8 node
SOLID185 and the element material attributes, 40 Cr elas-
tic modulus 2.11 x 10° MPa, Poisson’s ratio 0.29, and den-
sity 7.9 mg/cm?, the spindle model was set up and conducted
free meshing with the check of the number of nodes (32) and
number of units (12 154) in Ansys.

To define the analysis type model, select the Block Lanczos
modal extraction method and select the analysis mode order
as 6 (Cheng, 2011). Then, fully constrain the face and set the
gravity in the y direction, as shown in Table 2.

As shown in Fig. 8, the first- and second-order vibration
mode is a vibration mode of a rigid body; in the third- and
fourth-order vibration modes, the spindle appears to have a
bending deformation, and in the fifth- and sixth-order vibra-
tion modes, the spindle appears to have a bending deforma-
tion, and the two ends of the spindle were bent to both sides.
The designed rotating speed of the spindle is 2000 r/min,
converted into an operating frequency of 66.7 Hz, which is
substantially lower than the natural frequency of the spindle,
which will not cause resonance (Wei et al., 2017).
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The purpose of this experiment is to verify the accuracy
of the simulation results and the crushing efficiency of the
crushing mechanism.

In late straw graining, the crushing length of straw will sig-
nificantly affect the efficiency of the graining process and the
quality of the straw particles. This experiment selected the
pass rate of the straw crushing length as the evaluation index
of equipment operation.

This test was based on the requirements of China Na-
tional Standard GB/T 24675.6-2009, which is the “protec-
tive tillage machinery straw crushing and returning machine”
standard, and those required for equipment granulation. The
experiment was conducted at Nanjing Agricultural Univer-
sity. Corn stalk was processed using a harvesting and pick-
ing device (i.e., independently developed mobile pellet har-
vester), with a length of <5cm and moisture content of
11.6 %, as shown in Fig. 9.

The crushing spindle adopts the test requirement of
2000 r/min. There are other test equipment, including a vari-
able frequency motor, electronic scale, meter, stopwatch, and
so on. The variable frequency motor was used to control the

2.65622-6 Max LRSS .

e 2 speed of the spindle. To ensure the accuracy of test results,

g e-

1177088 six validation tests were conducted, with the average of each
e- .

1.1805¢-6 measurement and the test rate of corn straw crushing cal-

8.853%e-7 . .

5.9026¢-7 culated. The amount of straw crushed in each test is 15kg.

2.9513e-7 .

e : From each straw crushed, a certain amount of straw crushed
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Deformation of the hammer framework.

material was taken as a sample. The pass rate of the crushing
length is calculated by weighing the total mass of the sample
straw and mass of the unqualified straw (length is > 10 mm).
The calculation is as follows:

pz(l_@>, (16)
my

where p is the qualification rate of straw chopping in percent,
m is the total mass of extracted chopped straw in grams, and
my is the total mass of unqualified chopped straw in grams.
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Figure 8. First sixth-order vibration modes of the spindle.

5.4 Test results and analysis

The crushing effect is shown in Fig. 10, and the test results
are shown in Table 3.

The test results show that the crushing device designed ac-
cording to the simulation results meets the operation require-
ments. Moreover, the qualification rate of the straw crush-
ing length is over 85 % (length is < 10 mm), which meets the
subsequent granulation requirements and requirements of the
national technical specifications.

https://doi.org/10.5194/ms-12-725-2021
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(b) Second-order vibration mode
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Table 3. Qualification rate of straw crushing.
Samples Straw  Unqualified straw  Crushing pass
quality (g) quality (g) rate (%)
1 1084.3 100.8 90.7
2 1183.4 118.3 90.0
3 1147.6 136.6 88.1
4 1091.8 1114 89.8
5 1165.3 100.2 91.4
6 1177.2 110.6 90.6

Mech. Sci., 12, 725-733, 2021
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Figure 10. Crushing result.

6 Conclusion

This study proposed and verified a new idea for the crushing
system of a mobile pellet harvester. As the key components
of the crushing mechanism, the theoretical design calcula-
tion was given, and Ansys was used to verify the feasibil-
ity of the design, specifically by computing the strength and
stiffness. Field tests were conducted, and the test results met
the requirements. This design can promote the further devel-
opment of a mobile pellet harvester. With the development
of agriculture in recent years, straw treatment has attracted
considerable attention, even though current straw treatment
methods are not perfect. Most of the straw processing equip-
ment on the market is fixed and considerably bulky. A mo-
bile pellet harvester is in its infancy, and there are still nu-
merous problems. For future development, the same mobile
pellet harvester can process more types of straw, and its vol-
ume will be smaller and more suitable for field work. Lastly,
future scientific developments will enable the creation of nu-

Mech. Sci., 12, 725-733, 2021
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merous energy saving, reduced human effort, and favorable
machines for the environment.
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