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During the rice-threshing process, straws always attached to a threshing cylinder and induced vibration and modal variation. In
this paper, the constraint and threshing modals of the threshing cylinder were tested under idling and load conditions, and the
causes of vibration and modal variation were explained. Based on the constraint and modal of the threshing cylinder, the vibration
amplitudes and frequencies undergoing rice threshing were tested and analyzed. Results showed that mass of straws decreased
gradually with the separation of rice grains and straws. And there was a nonuniform change in the circumferential resistance of the
threshing cylinder. The fluctuating torque, speed, and frequencies during threshing process would cause vibration of the threshing
cylinder. During rice-threshing process, the other natural frequencies were greater than the excitation frequency. With the
accumulation of a large amount of straws, the threshing modal frequencies of the tangential threshing cylinder increased. The
threshing bars caused vibration of the tangential threshing cylinder in the left and right direction mainly at two frequencies. At
idling state of no-load, the vibration frequency 42.97 Hz of the tangential threshing cylinder in X direction was close to the
constraint modal frequency 41.58 Hz. The eccentric load caused the excitation frequency to increase during the rice-threshing
process. The vibration frequency was also closely related to the threshing modal. The tangential threshing cylinder with low
vibration characteristics could be designed by using the eccentric vibration characteristics during the threshing process.

1. Introduction

Threshing cylinder is an important structural component of
combine harvesters. When a combine harvester harvested
crops, the straws attached to the threshing cylinder. Then,
the threshing cylinder would be under a complex vibrational
state. Especially for the tangential threshing cylinder un-
dergoing rice-threshing process, rice straws on the cir-
cumference of the threshing cylinder had an eccentric effect.
Eccentric load would appear on the circumference of the
tangential threshing cylinder during rice-threshing process,
which will cause the dynamic characteristics change of the
threshing cylinder [1, 2]. What are the characteristics of
vibration and modal changes caused by the eccentric loading
during rice threshing? This has attracted the attention and
interest of many scholars [3, 4].

The load state of the threshing cylinder has been in-
vestigated many years ago [5]. The torque of threshing shaft

during threshing process was studied by many researchers
[6, 7]. Axial-flow threshing power consumption at different
operating factors was tested by Srison et al. [8]. He indicated
that threshing power consumption was affected by threshing
bars and the feeding rate. Indeed, the feeding rate during
threshing is the direct factor determining the load, just as the
vehicle’s load directly determines the fuel consumption of
the car. In order to analyze the characteristics of load and
speed changes during threshing, Tang et al. developed a
transverse multicylinder threshing test bench and tested the
rotational speed at different rice-feeding rates [9]. The ro-
tational speed of the threshing cylinder fluctuated within
+3 rpm. The changes in speed and torque were an important
feature of threshing cylinder vibration. Kang et al. derived
mathematical relationship between the cylinder torque and
the motor current, and a load control system was designed to
keep the threshing load of the small-sized harvester in the
rated load range [10]. Even at a stable feeding rate, the load
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and speed of the threshing cylinder are fluctuating and
changing. According to existing reports, unstable feeding of
crops is an important cause of changes in load and speed.
However, there were fewer reports about the vibration of the
threshing cylinder induced by the load fluctuating [11, 12].

Rotating cylinders similar to the rice-threshing cylinder
have applications in many industrial machineries, such as
blenders, impregnators, coaters, granulators, and cement
mixers [13, 14]. Research studies on the vibration of the
rotating cylinder received extensive attention. Talamala et al.
conducted an experiment to evaluate the performance and
the cylinder vibration of an indirect diesel engine under
eccentric load [15]. Koynov et al. measured the axial dis-
persion coefficient of powder in a rotating cylinder, and then
particle motions in rotating cylinder were quantified as a
function of process [16]. The vibration characteristics of the
engine rotor and hydromechanical rotor in the disturbed
state have been studied above. The external excitation has an
important influence on the vibration characteristics of the
rotor. At the same time, the vibration of the rotor will also
increase the failure frequency of the entire machine. Bai and
Zhang developed a stochastic hydraulic excitation model
and tested the dynamic response of the shaft system of a
hydroturbine set under stochastic hydraulic excitation. By
analyzing the dynamic characteristics of the rotating rotor,
the reliability and performance of the rotor and whole
machine were greatly improved [17]. The rice-threshing
cylinder has typical vibration characteristics during the rice-
threshing process. The vibration begins at the beginning of
threshing process and disappears with the end of threshing
process. Vibration transients and instability make it difficult
to analyze the vibration characteristics during the threshing
process. The vibration characteristics during threshing
process were dynamic and real time. The reasons for the
vibration induced by threshing process were not only related
to the state of the rice straw during threshing process but also
to the cylinder excitation and response characteristics of the
threshing cylinder itself.

Vibration of the threshing cylinder during the threshing
process is influenced by the feed rice straw and the threshing
process. In addition, there is a rubbing phenomenon during
threshing process. Even if the threshing cylinder was orig-
inally dynamically balanced, the threshing bar will collide
with the concave plate screen structure. The rubbing phe-
nomenon during the rotation of the threshing cylinder
causes great damage to the frame structure. Rubbing has
occurred in many engineering fields. Rubbing is one of the
most common and significant faults that exist in the rotor
system. It exhibits extremely complicated dynamic behavior.
A novel dynamic model of the rubbing rotor system was
developed by Tang et al.. Based on the nonlinear rotor
dynamic theory, its dynamic behavior with different pa-
rameters was analyzed [18]. Zhu et al. develops a dynamic
model of a two-span rotor-bearing system with rubbing
faults, and numerical simulation is carried out. Rotors
running under normal condition, local slight rubbing, and
severe rubbing throughout the entire cycle are simulated
[19]. Dynamic trajectories and frequency spectrum diagrams
are used to analyze the features of the rotor-bearing system

Mathematical Problems in Engineering

with rub-impact faults under various parameters, and vi-
bration characteristics of rub impact are obtained. During
the rice-threshing process, the tangential threshing cylinder
is only partially entangled by rice stalks. At this time, the
tangential threshing cylinder is subjected to an eccentric
load. The eccentric load of the tangential threshing cylinder
is similar to the eccentric rotor on the motor [20]. The
entanglement characteristics of the threshing cylinder were
also changing as the grain continuously separated during the
threshing process. Factors and variables induced vibration of
the threshing cylinder during the threshing process, which
has always restricted the dynamic design of the threshing
cylinder.

Vibration caused by the rice-threshing process needed to
be reduced, and obtaining the vibration characteristics of the
threshing cylinder was an important prerequisite. Research
studies on vibration of the threshing cylinder under the
threshing state were in its infancy [21, 22]. There were few
studies on parameters such as vibration amplitude, vibration
frequency, and resonance phenomenon or constraint modal
of the threshing cylinder during rice-threshing process.
Controlling the vibration during threshing-process is also an
important way to improve the reliability of the threshing
cylinder. So, it is urgent to investigate the vibration of the
threshing cylinder during the rice-threshing process. Un-
balanced vibration identification of the tangential threshing
cylinder has reported [23]. The vibration amplitude and
frequency of the tangential threshing cylinder shaft and axial
trajectory of the cylinder were tested. However, the vibration
and modal change characteristics of the tangential threshing
cylinder during threshing are not clear. The specific modal
values before and after the tangential threshing cylinder are
entangled with the stalk are of great significance to further
reduce the threshing process vibration. In this paper, the
constraint and threshing modals of the threshing cylinder
were tested under idling and load conditions, and the causes
of vibration and modal variation were explained.

2. Materials and Methods

2.1. Threshing Structure and Eccentric Load in Threshing
Process. The threshing cylinder can thresh rice and separate
grain from the concave sieve. The combine harvester with
multiple threshing cylinders is a mainstream type. When rice
is threshed, rice straws would attach to the threshing cyl-
inder during the threshing process [24, 25]. The diameters
and lengths of the tangential threshing cylinder were 525 and
548 mm, respectively. There are 6 rows of nail threshing bars
evenly distributed on the circumference of the tangential
threshing cylinder. The rotational speed was 700 rpm. The
status and installation method of the tangential threshing
cylinder under no straw flow is shown in Figure 1(a). During
the rice threshing process, the rice straw is threshed between
the lower part of the threshing cylinder and the concave plate
sieve and is also transferred to the next working part. The
straw flow and eccentric attached mass on the tangential
threshing cylinder is shown in Figure 1(b). As the grains
were threshed and separated, the mass of straws reduced
gradually. And the mass of rice straws attached to the



Mathematical Problems in Engineering

(®) ()

FiGURE 1: Threshing structure and eccentric mass of the tangential threshing cylinder. (a) Status and installation method under no straw
flow. (b) Straw flow and eccentric attached mass. (c) Motion range of eccentric mass.

threshing cylinder decreased gradually. Then, rice straws
attached to the tangential threshing cylinder formed the
eccentric mass. The motion range of the eccentric mass is
shown in Figure 1(c).

During the rice-threshing process, grains were separated
from the concave screen. Then, the eccentric mass of rice
straws decreased gradually. When the tangential threshing
cylinder rotated at a high rotating speed, some of rice straws
attached to the cylinder caused unbalanced vibration. The
eccentric mass of rice straws attached to the threshing
cylinder was equivalent to an unbalanced mass shown in
Figure 1(c). Rice straws would not attach to the cylinder at
arc ACB. However, rice straws attached to the cylinder at arc
ADB and the mass of straws M (6) decreased gradually from
point A to point B (6 was 0 to 100°). Point A and B were the
start and end points of the trajectory of the eccentric mass,
respectively.

Rice-threshing vibration testing was carried out on the
tangential threshing cylinder test bench. The grains were
separated from the concave screen [9]. There were 4 x5
boxes under the tangential threshing cylinder to receive the
separated grains and short straws. Four lines of boxes were
distributed along the tangential direction of the straw
movement. Five rows of boxes were distributed along the
axial direction of the tangential threshing cylinder. Then, the
separated grains and short straws fell into the boxes. These
testing methods and processes are shown in Figure 2.

2.2. Constraint and Threshing Modal of Tangential Threshing
Cylinder. The modal of the tangential threshing cylinder
was one vibration characteristic. The modal was natural
attributes and features of eccentric vibration. There were two
types of modals of the tangential threshing cylinder [26].
One type was the constraint modal, which was constrained
by both ends of the drive shaft. The constraint modal of the
tangential threshing cylinder is shown in Figure 1(a). An-
other type was the threshing modal, which was not only
constrained by the both ends of the drive shaft but also
constrained by the straws in threshing process. The
threshing modal of the tangential threshing cylinder is
shown in Figure 1(b).

Tested rice on | Convey Convey
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FIGURE 2: Testing methods and processes of vibration and modal
characteristics.

The constraint modal of the tangential threshing cylinder
was constrained by both ends of the drive shaft. There were
only two constraints between the shaft and bearings without
straws under the tangential threshing cylinder. The tan-
gential threshing cylinder can easily rotate at low power. The
constraint modal was under idling state of no-load. When
the tangential threshing cylinder threshed rice, the threshing
bars were bounded by the straws. Then, the tangential
threshing cylinder modal was changed by the restrictions.
When straws flowed under the tangential threshing cylinder,
the threshing modal of the tangential threshing cylinder was
changed. The threshing modal was under load state during
rice-threshing process [27].

During rice-threshing process, the straws were propelled
by threshing bars of the tangential threshing cylinder. Then,
eccentric load was produced on the tangential threshing
cylinder. The 3D model of the tangential threshing cylinder
applied eccentric load constrained modal is shown in
Figure 3(a).

The stresses and strains of the threshing cylinder and
threshing bars were analyzed by the average threshing force
of the threshing bars. Eccentric load forces were applied to
the three-row threshing bars as shown in Figure 3(a). The
rice straws attached to the cylinder and the center angle 6 of
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FIGURE 3: Model frame and vibration signal measuring points of the tangential threshing cylinder. (a) Applied eccentric load constrained

modal. (b) Model frame of the tangential threshing cylinder.

the straws attached to the threshing cylinder was 0~100".
Only 3 rows of threshing bars were stressed during the rice-
threshing process. To facilitate the determination of modal
directions and vibration, a coordinate system was estab-
lished on the tangential threshing cylinder. X direction
represented the flow direction of straws. Y direction rep-
resented the axial direction of the tangential threshing
cylinder. Z direction represented the direction perpendicular
to the XOY plane.

In order to analyze the constraint modal and threshing
modal, the model structure of the tangential threshing
cylinder was developed. Due to the small structure of the
threshing bar, it has little effect on the mode of the threshing
cylinder. Therefore, the effect of the threshing bar was ig-
nored in the modal-modeling process. The frame with 15
points and two faces were used to simplify the modal of the
tangential threshing cylinder. The model frame with 15
points is shown in Figure 3(b). If one of the points was struck
by a hammer, the other points would have a vibration signal.

The criterion for the constraint modal and running
modal of the tangential threshing cylinder was the modal
assurance criterion (MAC) method. The criterion of the
MAC was as follows:

T2
MAC;; = M (1)
¢i 419 ¢;

where ¢; and ¢; were the vibration mode column vector and i
and j were the modal order. The i and j were natural numbers.

The modal assurance criterion (MAC) was used to check
the mutual independence and consistency between the two-
order modes. If the two-order modes of ¢i and ¢j were the
same-order physical modes, the MAC value was 1. If the
two-order modes of ¢i and ¢j were not the same-order
physical modes, or the ¢i and ¢j modal vectors were in-
dependent of each other, the value of MAC was equal to 0.
Due to the nonlinearity of structure and the external noise
interference characteristics of the measured data in the
actual test and analysis, the MAC minimum value 0.9 was

considered to be the relevant mode. The value of MAC less
than 0.05 was considered as the uncorrelated mode.

2.3. Testing Methods of Bearing Vibration. Since the cylinder
shaft, bearing seat, and threshing bars were steel structures,
the direct action point and excitation points were selected on
the bearing seat. The vibration responses of the bearing seat
can characterize vibration characteristics of the tangential
threshing cylinder. Vibration test points of the bearing seat
are shown in Figure 4. Because the tangential threshing
cylinder was driven by a frequency conversion motor, the
power was input by a belt reel. Vibration of both sides of the
tangential threshing cylinder was tested. One side was
coupling power transmission, which used coaxial drive to
reduce the impact of vibration caused by different axes
shown in Figure 4(a). The other side was the free end of the
bearing seat shown in Figure 4(b). The vibration test
methods of idling and load states were shown in [28]. The
composition of the vibration signal acquisition system and
signal analysis and processing system are shown in Figure 5.

Test performance parameters of the Chinese Donghua
testing company’s DH5902 dynamic signal acquisition in-
strument are shown in Table 1.

The signal acquisition system and dynamic signal ac-
quisition instrument were produced by the Chinese
Donghua testing company (DH5902 dynamic signal ac-
quisition instrument). The signal acquisition system col-
lected electrical signals of test points on the tangential
threshing cylinder under 3 different conditions. The signal
acquisition system used the United States of America (PCB)
356A16-type three-direction acceleration sensors.

The tangential threshing cylinder was driven by a fre-
quency conversion motor. The power was input by a belt
reel. A torque sensor, a rotational speed sensor, and two
bearing seats were installed between the pulley and tan-
gential threshing cylinder. The torque sensor and rotational
speed sensor were HAD-CYB-803S (Beijing Westzh M & E
Technology Co., Ltd., China). The torque sensor and speed
sensor could measure the torque and speed of the tangential
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FIGURE 4: Vibration test of the bearing seat. (a) Coaxial drive of the bearing seat. (b) Free end of the bearing seat.

FIGURE 5: Signal acquisition system and dynamic signal acquisition instrument.

TaBLE 1: Performance parameters of vibration test instruments.

Equipment name Performance index ~ Parameter values Manufacturer
Sensitivity 100mV (g)
N . Frequency response 0.3~6 KHz .
Three-direction acceleration sensor of 356A16 American Voltage Company (PCB)
Range +50 g pk
Lateral sensitivity <5%
Channel 32
- TP Sampling bandwidth 16, 100 KHz . .
Dynamic signal acquisition instrument of DH5902 End scale value £20my~+20V Chinese Donghua testing company
Distortion factor <0.5%

threshing cylinder shaft, respectively. The measurement
accuracy of the sensors was 0.25% of full-scale. And the
frequency response time is 100 ys.

3. Results and Discussion

3.1. Rice Threshing and Straw Flow State. Freshly cut rice
(72 kg) was placed on a 12 m x 1 m conveyer belt running at
1 m/s (the feeding rate of rice is 6 kg/s). The separated grains
and short straws were received into the boxes under the
tangential threshing cylinder. The received grains and short
straws are shown in Figure 6.

Received grains and short straws under the tangential
threshing cylinder are shown in Table 2.

Rice was threshed by the tangential threshing cylinder at
a feeding speed of 6 kg/s. After 12 seconds, the total mass of
the received grains and short straws under the tangential

threshing cylinder was weighed. Then, the separated mass
(grain and short straw flow) per second could be obtained by
the total mass being divided into 12 seconds. Remained
straw mass was the feeding mass minus the mass of sepa-
rated grains and short straws. The remained straws mass
along the tangential threshing cylinder is shown in Table 2.

According to Table 2, the mass of straws constantly
changed during the threshing process. Remained straw mass
along the tangential threshing cylinder reduced gradually.
Straws flowed along the axial direction of the tangential
threshing cylinder with a flow mass of 4.765~4.934 kg/s.
Curves of feeding straw flow and remained straw flow along
tangential direction are shown in Figure 7.

The central angle 0 of rice straws attached to the tan-
gential threshing cylinder was 0~100°. When the central
angle 6 was 0°, 25°, 50°, 75," and 100°, the grains fell into the
boxes 1, 2, 3, 4, and 5 below the threshing cylinder,
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Straw outlet section

FIGURE 6: Received grains and short straws under the tangential threshing cylinder.

TaBLE 2: Received grains and short straws under the tangential threshing cylinder.

Flow direction of

Box serial no. under cylinder rice (g) Total mass (g) Cumulative separated mass (kg) Remained straw flow mass (kg/s)
1 2 3 4

1 166 158 158 178 660 0.066 4934
2 128 130 134 132 524 0.118 4.882
3 104 100 106 100 410 0.159 4.841
4 82 88 90 102 362 0.196 4.804
5 76 72 84 162 394 0.235 4.765

Tang et al. conducted a variable mass test on the material

6.05 flow rate of a tangential-longitudinal threshing and sepa-

6.00 ration test-bed [29]. With the separation of grains during

_ threshing process, the mass of rice straws gradually de-

Ty 495 creased. Then, the resistance on the circumference of the

& tangential- longitudinal cylinder changed unevenly. The

g 490 - eccentric load on the tangential-longitudinal cylinder

§ changed unevenly. When rice was threshed by the tangential

£ 485 . ) .

= threshing cylinder, the torque and speed of the cylinder shaft

§ 4.80 I were recorded by the HAD-CYB-803S torque and speed

& sensor. The actual threshing rotational speed of the tan-

475 gential threshing cylinder was 698 rpm, so the rotational

470 . . . . speed frequency was 11.63 Hz. The fluctuation range was

1 2 3 4 5 2 rpm. The curve fluctuated up and down 7 times. The time

Material box serial number

- Feeding straw flow mass
— Threshing straw flow mass

FIGURE 7: Curves of feeding straw flow and remained straw flow
along the tangential direction.

respectively. As shown in equation (2), the straw flow rate in
the axial direction of the tangential threshing cylinder was
obtained by curve fitting:

M(6) = —0.04166 + 4.97, (0<6<100°), (2)

where M (6) was the flow mass of remained straw and 6 was
the central angle of rice straws attached to the threshing
cylinder. The degree of correlation of the curve was
R*=0.9953.

intervals of the fluctuations were 0.4s, 0.8, and 1.2, re-
spectively. The fluctuation frequencies were 2.5 Hz, 1.25 Hz,
and 0.83 Hz, respectively.

When rice straws attached to the threshing cylinder
during threshing process, the rotational speed, torque signal,
and power consumption fluctuated. The fluctuation could
cause excitation force and vibration of the tangential
threshing cylinder. So, rice straws attached to the threshing
cylinder eccentrically. The eccentric load acted on the
tangential threshing cylinder, which was the reason for
vibration that emerged during rice-threshing process. When
a driving torque acted on the cylinder shaft, the forces on
threshing bars were the parts that balanced the driving
torque [30]. The torque balance equation could be
developed:

T (t) = F(HR, (3)
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where T (¢) was the driving torque acting on the cylinder
shaft, F (t) was the load force on threshing bars, and R was
the rotation radius of straws.

Because the peak value of torque fluctuation was about
450 Nm, the threshing radius was the radius of the tangential
threshing cylinder plus the length of half of the threshing
bar, which was about 230 mm. The load force on threshing
bars was 652.17 N based on equation (3). There were 3 rows
of threshing bars were forced in the rice-threshing process.
And each row of threshing bars was forced as 217.39 N.
There were 7 threshing bars on every row. So, load force on
every threshing bar was 31.06 N.

There was a functional relationship among the eccentric
force, rotational speed, and eccentric mass. Functional re-
lationship is shown as follows:

F(t) = M (0)Ra?, (4)

where F (t) was the eccentric force on threshing bars, R was
the rotation radius of straws, and M (6) was eccentric mass of
straws attached to threshing bars.

The eccentric mass induced by threshing bars could be
calculated by equation (4). The eccentric mass attached to
each row of threshing bars was 1.35kg/s. The total ec-
centric mass attached to 3 rows of threshing bars was
4.05kg/s. According to Table 2, the remained straw mass
in the tangential threshing cylinder was 4.934~4.765 kg/s.
The difference between remained straw mass and ec-
centric mass showed that only part of straws mass not
attached to threshing bars. The total eccentric mass at-
tached to 3 rows of threshing bars was less than the
remained straws mass because some straw mass attached
to the grid concave.

3.2. Constraint Modal and Threshing Modal with Eccentric
Load. During rice-threshing process, the rice straw attached
to the threshing cylinder would cause modal change of the
tangential threshing cylinder. The modal was an influencing
factor of threshing cylinder vibration. The constraint modal
and threshing modal were analyzed by the Chinese Donghua
testing company’s DH5902 dynamic signal acquisition
instrument.

Because tangential threshing cylinder was axisymmetric
and centrosymmetric, vibration responses of the two end
faces were essentially the same. And the vibration responses
of six points on each end face were also essentially the same.
Point 1 on the frame could be used to respond the frequency.
The analysis results also proved that frequency response
curves of all points were the same. Frequency responses of
the tangential threshing cylinder at constraint and threshing
states are shown in Figure 8.

According to Figure 8, there is some different response
sensitivity between the frequency responses of the constraint
modal and threshing modal. When there were straws be-
tween the grid concave and cylinder, the frequency re-
sponses reduced significantly. The 12 orders of the constraint
modal and threshing modal were calculated separately.
Modal values of the constraint modal and threshing modal
are shown in Table 3.

As shown in Table 3, the constraint modal and
threshing modal values of 12 orders were not corre-
sponding one by one. The first-order constraint modal was
41.58 Hz, but the corresponding first-order threshing
modal was 42.88 Hz. The 2nd, 4th, and 11th order con-
straint modals were different to corresponding threshing
modals. The above 3 orders of threshing modal were
scattered. So, the threshing modal increased slightly
compared to the corresponding constraint modal. When
the excitation frequency was close to the natural frequency
of the tangential threshing cylinder, the tangential
threshing cylinder would produce resonance.

The fluctuation frequencies of speed were 2.5Hz,
1.25Hz, and 0.83 Hz, respectively. The threshing rotational
frequency was 11.63 Hz. All of the fluctuation frequencies
and threshing rotational frequency were less than the Ist
constraint modal (41.58 Hz) and threshing modal
(42.88 Hz). The intrinsic frequencies were more than the
excitation frequency. The rotational speed frequency and
fluctuation frequencies would not cause the resonance
phenomenon [31].

Constraint modal values of 12 serials and threshing
modal values of 15 serials were calculated by the Chinese
Donghua testing company’s DH5902 dynamic signal ac-
quisition instrument. Modal distribution and response
sensitivity of the tangential threshing cylinder are shown in
Figure 9.

According to Figure 9, when the excitation frequency
was equal to natural frequency, response sensitivity of the
tangential threshing cylinder was 1. Then, resonance phe-
nomenon was appeared, the shaft vibration would increase
dramatically. The height of the column represented the
degree of response sensitivity, and the maximum response
was 1. Columnar color could also reflect this response
sensitivity. The response sensitivity level of constraint modal
frequency at different excitation frequencies is shown in
Table 4.

The response sensitivity level of threshing modal fre-
quency at different excitation frequencies is shown in
Table 5.

Because the fluctuation frequencies of threshing speed
were 2.5 Hz, 1.25Hz, and 0.83 Hz, and the threshing speed
frequency was 11.63 Hz. As shown in Tables 4 and 5, all these
fluctuation frequencies and threshing speed frequency were
less than the 1st intrinsic constraint frequency constraint
modal (41.58 Hz) and threshing modal (42.88 Hz). Other
intrinsic constraint frequencies were more than the incen-
tive frequency in rice-threshing process. The rotation speed
frequency, threshing speed frequency, and fluctuation fre-
quencies would not cause the resonance phenomenon. The
tangential threshing cylinder rotated at high speed under the
working condition. The modal of the fluid machinery rotor
was similar to the modal of the threshing cylinder [32].
Working modals of rotors have been studied in numerous
industrial fields. Chen et al. analyzed the modal change rule
of the axial-flow pump rotor system in water [33]. The
tangential threshing cylinder modal was changed by adding
straw to the cylinder. The modal increased with the increase
of the straw mass attached to the cylinder circumference.
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FI1GURE 8: Frequency responses of the tangential threshing cylinder at constraint and threshing states. (a) Constraint modal. (b) Threshing modal.

TaBLE 3: Modal values of constraint modal and threshing modal.

Modal serial Constraint modal Threshing modal

number (Hz) (Hz)
1 41.58 42.88
109.13
2 107.48 113.06
135.11
3 150.50
160.99
4 158.16 174.26
5 179.24 183.15
6 201.28 221.23
7 278.85 283.35
8 294.19 300.68
9 306.75 331.98
10 335.29 343.98
360.18
11 345.29 383.69
398.34
12 401.12 436.84

3.3. State of Vibration Amplitude and Frequency in Threshing
Process. Bearing seat vibration was tested by (PCB) 356A16-
type three-direction acceleration sensors and recorded by
the DH5902 dynamic signal acquisition instrument. Then,
the vibration amplitude and frequency of the tangential
threshing cylinder shaft were used to evaluate the vibration
state of threshing dynamics. The vibration responses of
bearing seat can characterize vibration characteristics of the
tangential threshing cylinder. Vibration of both sides of the
tangential threshing cylinder was tested. One side was
coupling power transmission, which used coaxial drive to
reduce the impact of vibration caused by different axes
shown in Figure 4(a). The other side was the free end of the

bearing seat shown in Figure 4(b). The X direction repre-
sented the flow direction of straws. The Y direction repre-
sented the axial direction of the tangential threshing
cylinder. The Z direction represented the direction per-
pendicular to the XOY plane.

Ferfecki et al. confirmed that vibration amplitude and
frequency of the bearing seat were used to reveal the vi-
bration state of the rotor [34]. Time-domain vibration and
trequency-domain vibration were used to analysis the
threshing dynamics.

3.3.1. Time-Domain Vibration Analysis. The idling state of
no-load and load state of threshing process were two states of
the tangential threshing cylinder. Both ends of the tangential
threshing cylinder were supported by the bearing seat.
Figure 4(a) shows the free end of the bearing seat. The other
side was the bearing seat with coaxial drive. Figure 4(b)
shows the coaxial drive of the bearing seat.

During the rice-threshing process, the bearing seat vi-
bration was measured by acceleration sensors. The vibration
signals of the bearing seat were recorded as time-domain
function [35, 36]. In order to analysis the threshing dy-
namics of the tangential threshing cylinder, the time-domain
functions of the bearing seat with coaxial drive under idling
state are shown in Figure 10.

The time-domain functions of the bearing seat with
coaxial drive under threshing state are shown in Figure 11.

According to Figures 10 and 11, all vibration amplitudes
of the tangential threshing cylinder changed. X direction
represented the flow direction of straws. The vibration
amplitude of X direction changed slightly. The vibration
amplitude under threshing state increased slightly greater
than under idling state. The same results were also obtained
in the Z direction.
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TABLE 4: Response sensitivity level of restricted modality frequency at different excitation frequencies.

Excitation frequency response (response sensitivity level was 0-1)

Frequency
41.58 107.48 150.50 158.16 179.24 201.28 278.85 294.19 306.75 335.29 345.29 401.12
41.58 1 0.03 0.33 0.01 0.18 0.45 0.08 0.04 0.01 0.2 0.02 0.1
107.48 0.03 1 0 0 0.02 0 0 0 0 0.02 0 0
150.50 0.33 0 1 0 0.36 0.46 0.07 0.05 0.02 0.45 0.01 0.1
158.16 0.01 0 0 1 0.05 0.01 0.03 0.07 0.01 0.02 0.01 0
179.24 0.18 0.02 0.36 0.05 1 0.55 0.44 0.28 0.03 0.57 0.01 0.04
201.28 0.45 0 0.46 0.01 0.55 1 0.22 0.11 0.1 0.47 0.04 0.17
278.85 0.08 0 0.07 0.03 0.44 0.22 1 0.29 0.06 0.17 0.01 0.02
294.19 0.04 0 0.05 0.07 0.28 0.11 0.29 1 0.36 0.28 0.14 0.16
306.75 0.01 0 0.02 0.01 0.03 0.1 0.06 0.36 1 0.04 0.58 0.36
335.29 0.2 0.02 0.45 0.02 0.57 0.47 0.17 0.28 0.04 1 0 0.06
345.29 0.02 0 0.01 0.01 0.01 0.04 0.01 0.14 0.58 0 1 0.53
401.12 0.1 0 0.1 0 0.04 0.17 0.02 0.16 0.36 0.06 0.53 1
TaBLE 5: Response sensitivity level of threshing modality frequency at different excitation frequencies.
. Excitation frequency response (response sensitivity level was 0-1)
requency 42.88 109.13 113.06 13511 160.99 174.26 183.15 221.23 283.35 300.68 331.98 343.98 360.18 383.69 398.34
42.88 1 0.04 0.08 0.10 0.05 0.07 0.07 0.33 0.30 0.06 0.16 0.03 0.03 0.04 0.16
109.13 0.04 1 0.11 0.06 0 0 0 0.01 0.02 0 0.03 0 0 0 0.01
113.06 0.08 0.11 1 0.18 0.07 0.06 0.07 0.08 0.06 0.04 0.06 0 0 0.01 0.03
135.11 0.10  0.06 0.18 1 0.09 0.22 0.19 0.31 0.28 0.03 0.19 0.02 0.11 0.04 0.12
160.99 0.05 0 0.07 0.09 1 0.66 0.01 0.07 0.06 0.07 0.24 0.05 0 0 0.07
174.26 0.07 0 0.06 0.22 0.66 1 0.08 0.44 0.39 0.01 0.58 0.01 0.02 0.06 0.29
183.15 0.07 0 0.07 0.19 0.01 0.08 1 0.51 0.54 0.03 0.10 0.43 0.27 0.15 0.28
221.23 0.33  0.01 0.08 0.31 0.07 0.44 0.51 1 0.97 0.12 0.57 0.09 0.10 0.15 0.67
283.35 0.3 0.02 0.06 0.28 0.06 0.39 0.54 0.97 1 0.14 0.54 0.11 0.12 0.18 0.76
300.68 0.06 0 0.04 0.03 0.07 0.01 0.03 0.12 0.14 1 0.10 0.08 0.28 0.33 0.22
331.98 0.16 0.03 0.06 0.19 0.24 0.58 0.10 0.57 0.54 0.10 1 0.01 0.07 0.13 0.38
343.98 0.03 0 0 0.02 0.05 0.01 0.43 0.09 0.11 0.08 0.01 1 0.77 0.51 0.15
360.18 0.03 0 0 0.01 0 0.02 0.27 0.10 0.12 0.28 0.07 0.77 1 0.72 0.25
383.69 0.04 0 0.01 0.04 0 0.06 0.15 0.15 0.18 0.33 0.13 0.51 0.71 1 0.32

398.34 0.16  0.01 0.03 0.12 0.07 0.29 0.28 0.67 0.76 0.22 0.38 0.15 0.25 0.32 1
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TaBLE 6: Vibration amplitudes of the free end of the bearing seat under idling state and threshing state.

Vibration amplitude in X
Vibration amplitude types direction (mm)

Idling state Threshing state

Idling state

Vibration amplitude in Y’
direction (mm)

Vibration amplitude in Z
direction (mm)

Threshing state Idling state Threshing state

Maximum 0.060 0.077 0.393 8.779 0.119 0.721

Minimum -0.049 0.116 -0.271 -6.966 -1.05 -0.603

Average 0.013 0.012 0.060 1.640 0.040 0.123
The vibration amplitudes of the free end of the bearing Threshing bar ‘

seat under idling state and threshing state are shown in \ £

Table 6.

As shown in Table 6 and Figures 10 and 11, the vibration
amplitude of the free end of the bearing seat in X direction
increased more obvious than the bearing seat with coaxial
drive. In rice-threshing state, the vibration amplitude in X
direction increased by about 6 times. And the vibration
amplitude in Y direction increased by about 24 times. As
shown in Figure 11, the vibration amplitude in Y direction
was induced by distribution of the threshing bars. In ana-
lyzing the vibration at both ends of the long shaft, torsional
vibration often occurs at both ends. It is mainly caused by
the speed difference between the two ends of the shaft during
the rotation [37]. In this paper, the amplitude of the shaft
end vibration was analyzed. So, the speed difference between
the two ends of the threshing drum is not considered.

When the tangential threshing cylinder rotated, rice
straws were fed and drained by threshing bars. The feeding
and draining direction of rice straw is shown in Figure 12.
Threshing bars were not distributed on the same circum-
ference and the cylinder shaft would sway from side to side
with the movement of straws.

By comparing the vibration amplitude of the free end of
the bearing seat and bearing seat with coaxial drive in Y
direction, it was found that the vibration amplitude incre-
ment of the bearing seat with coaxial drive was not as ob-
vious as the vibration amplitude increment of the free end of
the bearing seat. The reason for this phenomenon was that
the coaxial drive of the bearing seat limited the shaft
vibration.

3.3.2. Frequency-Domain Vibration Analysis. The fre-
quency-domain vibration signals could be obtained based on
the time-domain vibration signals of the tangential
threshing cylinder. In order to obtain the frequency-domain
characteristic of the tangential threshing cylinder with co-
axial drive under idling state and threshing state, the fre-
quency cloud of vibration time with coaxial drive and the
free end were calculated by the Chinese Donghua testing
company’s DH5902 dynamic signal acquisition instrument.
Because the frequency cloud is used to express the frequency
and amplitude of vibration along time, the colours in the
frequency cloud from blue to red are a change trend from 0
to the maximum amplitude. Red represents the maximum
value in this vibration test. Frequency cloud of vibration
time with coaxial drive under idling state is shown in
Figure 13.
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FIGURE 12: Feeding and draining direction of the rice stalk induced
by distribution of threshing bars.

With the same method, frequency cloud of vibration
time with coaxial drive under threshing state is shown in
Figure 14.

It is known by comparison that the vibration amplitude
in Y direction is bigger than that of X direction and Z di-
rection under idling state. The vibration amplitude of coaxial
drive was bigger than that of the free end of the tangential
threshing cylinder under idling state. Vibration amplitude of
coaxial drive under threshing state is bigger than the free end
under threshing state. At the same time, vibration amplitude
of threshing state is bigger than that of idling state. So, the
frequency-domain vibration signals of the bearing seat with
coaxial drive under idling state and vibration signals of the
bearing seat with coaxial drive under threshing state were
used for frequency-domain analysis.

Frequency-domain vibration signals of the bearing seat
with coaxial drive under idling state are shown in Figure 15.

Frequency-domain vibration signals of the bearing seat
with coaxial drive under threshing state are shown in Fig-
ure 16. The six frequencies which had greater contribution to
the vibration are shown in the figures.

As shown in Figures 15 and 16, the vibration frequencies
of the tangential threshing cylinder had a common value in
X direction, Y direction, and Z direction. According to
Figures 15 and 16, the main excitation frequencies in X
direction were 13.672Hz and 152.344Hz. These two
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TaBLE 7: Vibration signals of the free end of the bearing seat under idling state and threshing state.

Vibration frequency in X
direction (Hz)

Idling state

Vibration frequency serial no.
Threshing state

Vibration frequency in Z
direction (Hz)

Threshing state

Vibration frequency in Y
direction (Hz)

Idling state ~ Threshing state  Idling state

1 42.969 744.141 13.672 759.766 152.344 152.344
2 777.344 755.859 738.281 755.859 13.672 720.703
3 744.141 734.375 152.344 742.188 156.25 76.172
4 763.672 763.672 755.859 748.047 253.906 218.75
5 667.969 714.844 744.141 728.516 259.766 429.688
6 726.563 759.766 671.875 751.953 246.094 498.047

vibration frequencies contributed most to the vibration. The
excitation frequency 13.672 Hz was closed to the rotational
frequency 11.63 Hz of the tangential threshing cylinder. And
the excitation frequency 152.344 Hz was 13 times of rota-
tional frequency. There were 12 steel balls in the bearing. The
excitation frequency 152.344 Hz was close to the rotational
frequencies of bearing. Main vibration frequency in Y di-
rection and Z direction was 101.563 Hz. So, the main ex-
citation frequencies of the tangential threshing cylinder
under idling state were generated by the rotation of the
tangential threshing cylinder, steel balls in the bearing, and
bolts for connecting the drive shafts. As shown in Figure 16,
vibration frequencies of the bearing seat with coaxial drive
were high. The reason for the high vibration frequency is that
the drive shaft was restricted by the coupling.

Using the same method, the vibration frequency signals
of idling state and threshing state at the free end of the
bearing seat are shown in Table 7.

As shown in Table 7, the main excitation frequencies of the
free end of the bearing seat in X direction, Y direction, and Z

direction were different. At idling state, the excitation frequency
42.97Hz in X direction was close to the constraint frequency
41.58 Hz. This excitation frequency was also a main reason for
tangential threshing cylinder vibration. The vibration response
frequencies were also closely related to the threshing process.
The rice-threshing process increased the excitation vibration
frequencies. The main excitation frequency 152.34Hz was
closely related to the constraint frequency 150.50 Hz.

4. Conclusion

(1) Mass of straws constantly changed during the
threshing process. Remained straw mass along the
tangential threshing cylinder reduced gradually. The
total eccentric mass attached to 3 rows of threshing
bars was 4.05 kg/s with a feeding rate of 6kg/s. The
total eccentric mass attached to 3 rows of threshing
bars was less than the remained straw mass
4.934~4.765kg/s because some straw mass attached
to the grid concave.
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(2) The constraint modal and threshing modal values of
12 orders were not corresponding one by one. The
fluctuation frequencies of speed and threshing ro-
tational frequency were less than the 1st constraint
modal (41.58 Hz) and threshing modal (42.88 Hz).
Other intrinsic constraint frequencies were more
than the incentive frequency in rice-threshing pro-
cess. The rotation speed frequency, threshing speed
frequency, and fluctuation frequencies would not
cause the resonance phenomenon. Rice straw at-
tached to the threshing cylinder would cause modal
change of the tangential threshing cylinder.

(3) The vibration amplitude under threshing state in-
creased slightly than under idling state. The vibration
amplitude of the free end of the bearing seat along
the flow direction of straws increased more obvious
than the bearing seat with coaxial drive. In rice
threshing state, the vibration amplitude of the free
end of the bearing seat along the axial direction of the
tangential threshing cylinder increased, which was
induced by distribution of the threshing bars. At
threshing state, The main excitation frequencies of
the tangential threshing cylinder under idling state
were generated by the rotation of the tangential
threshing cylinder, steel balls in the bearing, and
bolts for connecting the drive shafts. At idling state,
excitation frequency was also a main reason for
tangential threshing cylinder vibration. The rice-
threshing process increased the excitation vibration
frequencies.
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