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Abstract: Chopped and spread maize stalks improve soil structure and fertility. However, because of the absence of research
on airflow distribution in the chopping chamber, improvement of the spreading uniformity of chopped stalks has been limited.
Therefore, in this study, computational fluid dynamics (CFD) technology was applied to analyze the influence of structural and
operational parameters of the chopping and spreading machine on the velocity, pressure, and turbulent kinetic energy
distribution of airflow in the chopping chamber. The experimental factors considered were the relative position angle (RPA)
between the collecting-chopping shaft and the sliding-supporting shaft, working velocity (WV) of the chopping chamber, and
rotational velocity of the collecting-chopping blade (RVCCB). The results revealed that RPA and RVCCB had a significant
influence on the maximum negative pressure in the inlet (MNPI), the proportion of negative pressure area at inlet (PNPAI), and
the maximum pressure drop at inlet and outlet (MPDIO). Additionally, RVCCB had a strong influence on the maximum
velocity, average velocity, and velocity variation coefficient of airflow at the outlet. Moreover, maximum turbulence (MT) and
maximum turbulent kinetic energy dissipation rate (MTKEDR) showed a positive relationship with RVCCB. To determine the
values of RPA, RVCCB, and WV, a multivariate parameters optimization regression model was constructed, which yielded the
optimal values of 15°, 1800 r/min, and 0.50 m/s, respectively. Subsequently, a hyperbolic spiral-type guiding shell with an arc
length of 90° was designed to enhance the uniform distribution of airflow in the chopping chamber. Finally, a validation
experiment of airflow distribution was conducted. The results showed that the velocity difference between the simulation and
the validation experiment was less than 15%, indicating the accuracy of CFD simulation, and the spreading uniformities of the
chopped stalks were better than national standards. These findings can serve as technical and theoretical support for the design
and optimization of chopping and spreading machines.
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1 Introduction

Maize is the largest cereal crop in the world, with China being
a significant producer. In 2022, China’s maize planting areas and
yields reached 4.31 million hm? and 27.72 Mt, respectively, with an
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estimated 41.58 Mt of maize stalks being produced'?. Due to
China’s  high-speed development and growing
environmental concerns, the burning of maize stalks has been
prohibited, leading to the need for proper disposal methods.

Maize stalks are rich in microelements, such as nitrogen,

economic

phosphorus, potassium, and organic carbon, making them an
important bioresource*. The simplest way to handle maize straws
is by chopping and spreading them in the field, although other
methods such as utilizing them for new energy, industrial materials,
and fodder also exist™. Many studies have shown the advantages of
maize straw retention in the field, including improved soil structure
and fertility, increased soil organic carbon content and water use
efficiency, and reduced surface soil bulk density"*.

The crop stalks chopping and spreading machine is a key
agricultural machine. However, the implementation and application
of crop stalk retention have been hindered by issues related to lower
uniformity in the spreading of chopped straw, such as the formation
of piles and stripes®'". Several research studies have focused on
improving the spreading uniformity of chopped crop stalks. In terms
of the design and optimization of the chopping and spreading
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machine, Qin et al.'”), based on theoretical analysis and simulation,
found that an angle of 22° for the stalk spreading plate resulted in a
spreading uniformity of 88.1% and a qualified spreading rate of
90.2%. Zhang et al.'"! designed a logarithmic spiral-type chamber to
enhance the spreading velocity and quality of chopped stalks, while
Xu et al.'! developed a chopped stalk guiding device that achieved
a spreading uniformity of 79.8%. The kinematic analysis of
chopped stalk spreading has indicated the effects of various factors
such as initial velocity, mass, and moving time on the spreading
area™'"! .

In the spreading process of chopped stalks, air serves as the
carrier for the chopped stalks within the chopping chamber.
Therefore, the distribution of velocity, pressure, and turbulent
kinetic energy of air in the chopping chamber significantly
influences the motion of the chopped stalks. Numerous studies have
been conducted to improve the spreading uniformity of chopped
stalks. For instance, Niu et al.l' found that a 3° angle between the
blade and field surface generated more vortices above the blade
head compared to other angles. Lisowski et al.!'¥ utilized
computational fluid dynamics (CFD) technology to show that the
velocity of airflow experienced abrupt changes in the boundary
section. Zhang et al.” increased the airflow velocity at the
chopping chamber outlet by installing fans in the rotational shaft,
while Chen et al.'? found relatively uniform airflow velocity
distribution with three blades and a rotational velocity of 630 r/min.
Sun et al.” observed a significant increase in airflow velocity in the
chopping chamber by installing rectangular fans on the chopping
blade, and Liang et al.?" studied the effects of operation load on the
velocity and pressure in a multi-duct cleaning device.

The previous research on the influence of the structure of the
chopping blade, chopping chamber, and operation parameters of the
chopping and spreading machine provided references for design and
optimization, but mainly focused on machines with one chopping
shaft. The above results provided the references for the design and
optimization of chopping and spreading machines. However, the
high rotational velocity of the chopping blade shaft directly affects
the distribution of velocity, pressure, and turbulent kinetic energy of
airflow in the chopping chamber, which ultimately impacts the
spreading uniformity of chopped maize stalks. To analyze the
distribution of airflow in the chopping chamber, CFD technology
was used, which has been widely used in previous research on
agricultural machines to analyze flow field characteristics under
different operation parameters®>!. Therefore, the objective of this
research was to determine the effect of the rotational velocity of the
chopping blade, working velocity, and relative position angle on the
distribution of velocity, pressure, and turbulent kinetic energy of
airflow in a self-designed double rollers-type maize stalk chopping
and spreading machine with different rotational velocities. The
results will provide a reference for the optimization and application
of stalk chopping and spreading machines.

2 Materials and methods

2.1 Structure of the maize stalk chopping and spreading
machine

The self-designed double rollers-type maize stalk chopping and
spreading machine with different rotational velocities in this
research mainly included a collecting-chopping device, a sliding-
supporting device, a transmission device, a suspension device, and a
full envelope-type chopping chamber (Figure 1). The collecting-
chopping device and sliding-supporting device included 40
collecting-chopping blades and 21 sliding-supporting blades,

respectively. The collecting-chopping blades were arranged in a
symmetrical double-helix pattern, and a sliding-supporting blade
was installed between the two collecting-chopping blades. The
overlap distance between the motion trail of the sliding-supporting
blade and the motion trail of the collecting-chopping blade was
40 mm to achieve better cutting of stalks. The structure and
arrangement of the collecting-chopping blade and sliding-
supporting blade are shown in previously published theses!"*!,

a. Axonometric drawing

b. Axonometric drawing

1. Chopping chamber, 2. Decelerating device, 3. Depth-limiting device,

4. Spreading device for chopped stalk, 5. Suspension device, 6. Transmission

device, 7. Provoking device for maize stalk, 8. Sliding-supporting device,

9. Collecting-chopping device, 10. Accelerating device

Figure 1  Structure of double rollers-type maize stalk chopping and
spreading machine with different rotational velocities

2.2 Structure of the chopping chamber

The folded shell is always used in existing chopping and
spreading machines. It has many advantages, such as easy
manufacturing and lower cost, but in the bending regions of the
folded shell, turbulence easily occurs, leading to the sudden change
of the moving velocity and path of chopped stalks and resulting in a
reduction in the spreading uniformity of chopped stalks. Therefore,
to improve the distribution uniformity of airflow in the chopping
chamber, a full envelope-type maize stalk chopping chamber was
designed based on the double-rollers maize stalk chopping method
with different rotation speeds (Figure 2). The collecting and
chopping shaft and the sliding-supporting shaft were installed inside
the chopping chamber. According to the relative position angle
(RPA) of the two shafts, the anteverted, symmetrical, and
retroverted full envelope-type chopping chamber designs were
defined, with RPAs of —15°, 0°, and 15°, respectively (Figure 1).

2.3 Research on airflow distribution in full envelope-type
chopping chamber

In this study, CFD analysis was used to investigate the effect of
structure parameters and working velocity (WV) of chopping
chamber and rotational velocity of collecting-chopping blade
(RVCCB) on airflow distribution in the chopping chamber,
providing references for improving the chopping and spreading
quality of maize stalks.

For the airflow process in chopping chamber, the laws of
conservation of energy, momentum and mass were complied. To
ensure the accuracy of simulation results and improve simulation
efficiency, some hypotheses were stated as followed: 1) air in the
chopping chamber is a perfect gas, steady, incompressible,
adiabatic, and viscous with turbulence; 2) the change of thermal
conductivity, specific heat and other parameters of the medium over
time and space is ignored; 3) the effect of slits and edges of the
chopping chamber and chopped stalks on airflow distribution in
chopping chamber is ignored; 4) the possibility of converting air
mass into air energy is ignored. Therefore, the continuity equation
and the momentum conservation equation were used as governing
equations, and the turbulence equation was included to improve the
accuracy of the simulation.
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1. Front shell of chopping chamber, 2. Motion trail of sliding-supporting blade,
3. Guided flow shell for chopped stalks, 4. Outlet of chopping chamber,
5. Motion trail of collecting-chopping blade, 6. Back shell of chopping chamber,
7. Supporting plate

Note: a, b, and ¢ represent structure diagram of retroverted, symmetrical, and
anteverted full envelope-type chopping chambers, respectively; hg, and rg;
represent the distance between the sliding-supporting blade and chopping
chamber, and between the CCB and chopping chamber, which were 20 and
25 mm, respectively; d represents three-dimensional (3D) diagram of retroverted
full envelope-type chopping chamber. In this figure, the units are in mm.

Figure 2  Structure diagram of full envelope-type
chopping chamber

2.3.1 Fluid flow control equation
The fluid flow control equation was calculated as Equation (1):
dp
o
where, Sy was mass source, kg/m’; p was density of fluid, kg/m’; ¢
was the unit time, s; v was velocity of fluid, m/s.
The momentum-conservation equation was also calculated
under the rectangular coordinate system as Equation (2).
v, v, 1 0P 0 Ov; v 0 Ov; U
E” +Uj6x,-:_;87x,-+vc97xj6xj+§67xj87xj+ﬂ’ v:; 2)

+V(pv) =S, (1)

where, P is static pressure, Pa; u is proportionality constant,
constant; F; is component of the external body force at the x; point,
N; v; and v; are the components of velocity vector in each direction,
m/s; x; and x; are the coordinates of spatial points, m.

The renormalization group (RNG) theory k-¢ turbulence model
based on the Navier-Stokes (N-S) equation was used to solve the
motion of fluid flow, but it is difficult to directly solve the airflow
distribution in the chopping chamber by three-dimensional unsteady
N-S equations™*.. In the stalk chopping and spreading process, the
collecting-chopping blades and sliding-supporting blades with high
rotational speed drove the airflow’s rotation, and the motion
characteristics of the airflow were turbulent. In the simulation,
Reynolds time-average algorithm was used. According to the
simulation classification of engineering numerical methods as given
in Equation (3):

pvy) i i

op 0o
o ox “om

ox; Ox

i

0
0x;

J

(pvv;) = + 5 (—pviv) (3)

where, v; is the fluctuation velocity, m/s; o is the component of
stress tensor, Pa.
2.3.2  Pre-processing of CFD simulation

To improve simulation efficiency while ensuring calculation
accuracy, the effects of certain components such as bearings, side-
plates, and spacer sleeves on airflow in the chopping chamber were
ignored in this study. The simplified full envelope-type chopping
chamber’s 3D model was transferred into Design Modeler in the
ANSYS Workbench to obtain the fluid domain, which was then
meshed in the Meshing module. The mesh quality of the
retroverted, and anteverted full envelope-type
chopping chambers met the simulation requirements, with mesh
counts of 339 134, 339370, and 317 844, and average grid
distortions of 0.28, 0.27, and 0.29, respectively. The inlet and outlet
of the chopping chamber were set as pressure inlet and pressure
outlet, respectively, with a pressure of 0 Pa. The finite volume
method and SIMPLE coupled algorithm were applied in this study,
with a calculation step of 1.0x107 s, total steps of 2000, iteration
times of 20, and total simulation time of 2 s.

A total of six planes (inlet, outlet, center plane, and planes P1
to P3) were selected to analyze the airflow distribution in different

symmetrical,

planes, as shown in Figure 3. In this analysis, considering both the
quality of chopping and quality of spreading, RPA, WV, and
RVCCB were set as the experimental factors based on the results of
previous research!**! (Table 1). The experimental indices included
the maximum negative pressure in the inlet (MNPI), proportion of
negative pressure area at inlet (PNPAI), maximum pressure drop at
inlet and outlet (MPDIO), airflow velocity variation coefficient at
outlet (AVVC), maximum turbulence (MT), and maximum
turbulent kinetic energy dissipation rate (MTKEDR) in different
planes. In addition, the rotational velocity of the sliding-supporting
shaft was half that of the collecting-chopping shaft.

Plane P3

Plane P2

Plane P1

Center plane

Outlet

Inlet

Notes: Center plane passed through the collecting-chopping shaft axis and sliding-
supporting shaft axis; Plane P1 was parallel to the sliding-supporting blade, and
passed through the collecting-chopping blade, and did not pass through sliding-
supporting blade; Plane P2 was parallel to the sliding-supporting blade, and
located between collecting-chopping blade and sliding-supporting blade; Plane P3
was parallel to sliding-supporting blade, and did not pass through the collecting-
chopping blade, but passed through sliding-supporting blade.

Figure 3 Positions of selected planes (symmetrical full envelope-

type chopping chamber as example)

Table 1 Levels of experimental factors

Parameters Value
RPA/(°) 15,0, 15
WV/m-s' 0, 0.25, 0.50, 1.00

RVCCB/r'min' 1600, 1800, 2000, 2200, 2400

2.3.3 Field validation experiment
To verify the rationality of the chopping chamber design, a
field validation experiment was conducted in the conservation
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tillage experimental field in Zhuozhou Science and Technology
Park of China Agricultural University National Institute for
Conservation Tillage (39°28 'N, 115°56 'E) (Figure 4). The crop
planting mode is two crops of wheat and maize a year. The average
row spacing and plant spacing for maize were 610 and 198 mm,
respectively. The diameter distribution of maize stalks ranged from
13.21 to 29.87 mm, with an average stalk coverage of 2.38 kg/m’
and an average moisture content of 20.93%. The spreading
uniformity of chopped stalks was measured according to the China
National Standard “GB/T 24675.6-2009 Conservation tillage
equipment-smashed stalk machine”. The main instruments and
equipment used in the experiment included a Lovol 1254 tractor, an
electronic scale (accuracy: 5 g), a 1 m® square frame, a meter ruler,
etc. Tractor working speed was 1.8 km/h, the rotational speed of
collecting-chopping blade was 1600, 1800, 2000, 2200 r/min, and
the rotational speed of sliding-supporting blade was half that of the
collecting-chopping blade. The spreading uniformity of chopped
stalks was calculated as Equation (4).

1 o 1o ’
6 gZ} <mm_ 62}’":1[)

S, = - x 100% 4)

P 6
E M
i=1

where, S, is the spreading uniformity of chopped straw, %; my, is

the mass of chopped straw at the i-th test point, kg.

Figure 4 Field validation experiment

To ensure the accuracy of simulation results, the velocities of
airflow at the anteverted full envelope-type chopping chamber
outlet were measured (Figure 5). The rotational velocities of the
collecting-chopping blade were stabilized at 1600, 1800, 2000, and
2200 r/min, respectively, with the blade in a non-loaded state and
the control accelerator of the tractor set accordingly. The velocity of
airflow was measured using an impeller anemometer (China Suwei
Technology Co., Ltd., velocity range: 0-45 m/s; precision: +2.5%).

Impeller anemometer
displayer

Figure 5 Measuring experiment of airflow velocity at

chamber outlet

At the chopping chamber outlet, 20 measuring points were
selected along two lines (L, and L,), as depicted in Figure 6. The
intervals in x and y-axis direction were 55 and 100 mm,
respectively. Three replicate measurements were performed to
calculate the mean and standard deviation of airflow velocity and
compare it with the simulation results at these measuring points.

T T T T T T T T T
| | | | | | | |

T
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Note: The circle points represent the positions of the measuring points, mm.

Figure 6 Positions of measuring points

2.4 Data analysis
PNPAI was calculated as Equation (5):

A
X 100% (5)

where, 77,., 15 the PNPAI, %; 4
inlet, mm’; 4,,, is total areas of inlet, mm’.
MPDIO was calculated as Equation (6):

Theg =

is the negative pressure areas at

neg

Pmpd = Poutm _Pinm (6)

where, P,,, is MPDIO, Pa; P,,,, is the maximum pressure at outlet,
Pa; P,,, is the maximum negative pressure at inlet, Pa.
AVVC was calculated as Equation (7):

SVU

M. % 100% (7)
where, C,, is the AVVC, %; S,, is the standard deviation of airflow
velocity at outlet, m/s; M,, is the average of airflow velocity at
outlet, m/s.

Co=

3 Results and discussion

3.1 Influence analysis of pressure at inlet and outlet
3.1.1 Significance analysis

According to the significance analysis of inlet and outlet
pressure, the results showed that RPA had a very significant effect
on MNPI (p=0.016), and had an extremely significant effect on
PNPAI and MPDIO (p<0.01); RVCCB had an extremely significant
effect on MNPI and MPDIO (p<0.01), and had a very significant
effect on PNPAI (»p=0.047). The WV had a very significant effect
on PNPAI (p=0.023). For MNPI and MPDIO, the influence levels
were RVCCB>RPA>WYV; for PNPAI, the influence levels were
RPA>WV>RVCCB (Table 2).

Table 2 Significance analysis of inlet and outlet pressure

MNPI PNPAI MPDIO
Parameters Chi- Chi- Chi-
square square P square P
RPA 8.19 ** 24.17 HxE 16.494 ok
RVCCB 53.61 Hokk 9.62 ok 52.994 ok
wvV 1.18 n.s 11.32 ** 0.360 n.s

Notes: *, ** *** and n.s represent significant influence (0.05<p<0.1), very significant
influence (0.01<p<0.05), extremely significant influence (p<0.01), and nonsignificant
influence (p>0.1), respectively; Same as below.

3.1.2 Influence analysis of inlet negative pressure

In the chopping process of maize stalks, the collecting-
chopping blade with high rotational velocity disturbed the airflow in
the chopping chamber. Then at the inlet of the chopping chamber,
the negative pressure occurred to collect maize stalks on the field
surface. Therefore, MNPI was an important index to judge the
collecting ability of the chopping and spreading machine. The
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effects of RPA, RVCCB, and WV on MNPI are shown in Figure 7.
At different RPAs and WVs, RVCCB and MNPI had a positive
correlation. When RVCCB was 2400 r/min, the negative pressures
at the inlet of anteverted, symmetrical, and retroverted full envelope-
type chopping chambers were 244.64 Pa (RPA=15°), 161.28 Pa
(RPA=0°), and 246.82 Pa (RPA=-15°), respectively. Under
different RPAs, compared with RVCCB at 1600 r/min, MNPI

98.5 127.8 157.1 186.4 215.7 245 75.0  99.5

1240. 148.5

improved by more than 105% with RVCCB at 2400 r/min.
Furthermore, MNPIs initially decreased and then increased with
increasing RPA, reaching the minimum value at RPA 0°, but the
difference in MNPIs between RPA 15° and —15° was less than 5%.
Compared to RPA 0°, MNPIs under RPA 15° increased by 15.18%
(1600 r/min), 34.42% (1800 r/min), 16.28% (2000 r/min), 34.37%
(2200 r/min), and 37.56% (2400 r/min).

173.0 197.5 98.5 1282 1579 187.6 2173 247

MNPI/Pa

'1111'11 - i~

a. MNPI under RPA 15°

b. MNPI under RPA 0°

90

2400 0.250

g 750.50 N

0 . S
&
1600 1.00 Qﬁ

2200 S
X 90,000
V
Ccg,.,
’71111\/

c. MNPI under RPA —15°

Figure 7 Effects of RPA, RVCCB, and WV on MNPI

PNPALI is an essential indicator affecting the average collecting
ability of the chopping and spreading machine. The effects of RPA,
RVCCB, and WV on PNPAI were examined as shown in Figure 8.
As the rotational velocity of collecting-chopping blade increased,
the PNPALI first decreased and then increased; especially when WV
was more than 0.5 m/s, the tendency was more obvious. When
RVCCB was between 1800 to 2200 r/min, a negative relationship
between PNPAI and WV was observed. Additionally, the
differences in maximum PNPAI were small (anteverted: 95.33%,
symmetrical: 95.01%, and retroverted: 94.93%) under WV 1.0 m/s
and RVCCB 1800 r/min. The minimum PNPAIs were reached
under RVCCB 2000 r/min and WV 1.0 m/s, and were 83.03%
(RPA=15°), 83.51% (RPA=0°), and 85.31% (RPA=0°),
respectively. Although PNPAI had a negative relationship with
RPA, the change in PNPAI under different RPAs was minimal.

9% 96
100
%[ o 9 <9
2 = £
Z 88 < s8
s8] =

Compared with the RPA 15°, PNPAIs improved by 1.02% and
1.73% under RPA 0° and —15°, respectively.
3.1.3 Influence analysis of MPDIO

The kinematic energy of chopped stalks was decided by the
MPDIO, and the higher MPDIO helped to increase the velocity
of chopped stalk existing in the chopping chamber. The effects of
RPA, RVCCB, and WV on MPDIO are analyzed in Figure 9. The
results indicated that MPDIO had a positive relationship with
RVCCB, and the maxima of MPDIOs were reached under RVCCB
2400 r/min, which were 374.39 Pa (RPA=15°), 370.68 Pa (RPA=
0°), and 321.07 Pa (RPA= —15°). In addition, the positive effect of
RPA on MPDIO was found and compared to RPA —15°; MPDIOs
under RPA 15° increased by 14.46% (1600 r/min), 22.44%
(1800 r/min), 11.69% (2000 r/min), 24.36% (2200 r/min), and
21.80% (2400 r/min).

o
N

N=}
[\

MNPI/%

84 84 84 84 |
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Cep, ~7 2400 0 Pl Ceg, ~7 2400 0 o Ceg, ~7 2400 0 RNl
'"in-1 1211{1 = 127117 ~1
a.MNPI under RPA 15° b.MNPI under RPA 0° ¢.MNPI under RPA —15°

Figure 8 Effects of RPA, RVCCB, and WV on PNPAI

3.2 Influence analysis of airflow velocity at outlet
3.2.1 Significance analysis

The maximum velocity, average velocity, and velocity variation
coefficient of airflow at outlet directly affected the spreading areas
and uniformity of chopped stalks. The maximum velocity and
average velocity of airflow at outlet determined the maximum sp-
reading area of chopped stalks, and the velocity variation coefficient
of airflow determined the spreading uniformity of chopped stalks.
Based on the analysis of variance (Table 3), RVCCB had an
extremely significant effect on the maximum and average velocity

of airflow (p<0.01) and a very significant effect on velocity
variation coefficient of airflow (p=0.046). An extremely significant
effect from WV (p<0.01) and a very significant effect from RPA
(»=0.08) on velocity variation coefficient of airflow were also found.

The effects of RPA, RVCCB, and WV on maximum velocity of
airflow at outlet (MVAO) are shown in Figure 10. MVAO had a pos
itive impact with RVCCB. Compared with RVCCB at 1600 r/min,
MVAOs under RPA 15°, 0°, and —15° improved by 77.46%
(0.75 m/s), 94.29% (1.00 m/s), and 110.18% (1.00 m/s),
respectively. When RPA, RVCCB, and WV were 15°, 2400 r/min,
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and 0.75 m/s, respectively, MVAO reached a maximum (17.74
m/s). RVCCB and WV had a significant effect (p<0.1) on MVAO
when RPAs were 0° and 15°, respectively, and a negative
relationship between MVAO and WV was found (Table 4).

Compared with WV 0 m/s, MVAOs were reduced by 17.08%/
28.86% (1600 r/min), 10.94%/14.66% (1800 1/min), 14.35%/
10.97% (2000 r/min), 14.03%/10.59% (2200 r/min), and —7.65%/
—7.97% (2400 r/min), when RPA was 0°/—15°.
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Figure 9 Effects of RPA, RVCCB, and WV on MPDIO

Table 3 Analysis of variance of airflow velocity at outlet
RPA wv RVCCB
F_p F p F_p

Maximum velocity airflow velocity 0.21 n.s 0285 ns  96.92 ***

Parameters

Average velocity airflow velocity 031 ns  0.129 ns  97.02 ***

Velocity variation coefficient

. . 2,60 * 35452 ckkk D555 ok
airflow velocity

The effects of RPA, RVCCB, and WV on average velocity of
airflow at outlet (AVAO) are shown in Figure 11. Under different
RPAs and WVs, AVAO increased with the increase of RVCCB.
Compared with RVCCB at 1600 r/min, RPAs were improved by
51.50% (RPA=15°), 56.32% (RPA=0°), and 54.03% (RPA= -15°)
under RVCCB 2400 r/min. However, no significant impacts of RPA
or WV on AVAO were found (Table 4).
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Figure 10 Effects of RPA, RVCCB, and WV on MVAO

Table 4 Analysis of variance of WV and RVCCB on MVAO

15° 0° —-15°
Source of variance
F P F P F P
wv 0.19 n.s 2.44 *k 3.32 Hkk
RVCCB 28.53 Hokk 33.82 Hokk 46.25 Hokok

The effects of RPA, RVCCB, and WV on velocity variation
coefficient of airflow at outlet (VVCAO) are shown in Figure 12. A
negative relationship between VVCAO and WV was indicated.
Compared with WV at 0 m/s, VVCAOs were reduced by 12.50%
(RPA=15°), 17.49% (RPA=0°), and 19.60% (RPA=15°),
respectively. Simultaneously, RVCCB had a positive effect on
VVCAO, and when RPAs were 15°, 0°, and —15°, compared with
RVCCB at 1600 r/min, VVCAOs under RVCCB at 2400 r/min
were maximally increased by 13.51% (WV=0.5 m/s), 31.41%
(WV=1.0 m/s), and 27.75% (WV=1.0 m/s), respectively. In
addition, the result indicated that VVCAO was positively correlated
with RPA, and VVCAO under RPA 15° was increased by 0.63%

compared to under RPA —15°.

Based on the analysis of the pressure and velocity of airflow at
inlet and outlet, the results indicated that RVCCB had a very
significant effect on the pressure and velocity of airflow at the inlet
and outlet. Importantly, RVCCB had a positive influence on MNPI,
PNPAI, MPDIO, MVAO, AVAO, and VVCAO. The reason was
that improving RVCCB directly increased the kinematic energy of
airflow in the chopping chamber. Therefore, 1) improving MNPI
and PNPAI was beneficial for inhaling more air and thus improving
the adsorption and collecting ability of stalks by the chopping
chamber; 2) the reduction of stalks rotating around the collecting-
chopping shaft in the chopping chamber was achieved by improving
MPDIO and airflow velocity at the outlet, which promoted the
outflow of stalks in the chopping chamber and increased the
spreading uniformity of stalks; 3) the kinematic energy of airflow
had a positive relationship with the distance from the collecting-
chopping blade due to the centrifugal motion of airflow in the
chopping chamber, leading to an increase in airflow velocity above
the outlet compared to other positions, which resulted in improved
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VVCAQO; and 4) the gradual decrease in the axial airflow velocity
gradient in the chopping chamber was helpful in reducing the
generation of eddy currents, which was conducive to improving the
stalk spreading performance. Simultaneously, Cao et al.*” also
found that when the rotational velocity of a hammer-type chopping
machine was between 2500 to 3500 r/min, the airflow velocity in
the chopping chamber could be increased by about 13 m/s with
every 500 r/min increase of hammer rotational velocity. In addition,
improving airflow velocity at the outlet was conducive to increasing
the spreading areas of chopped maize stalks, but the velocity
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variation coefficient of airflow also increased, leading to a
deterioration in the mass uniformity of maize stalks in spreading
areas. As the working velocity of the chopping and spreading
machine increased, the PNPAI, MPDIO, and MNPI all decreased,
but increasing RPA effectively increased the MPDIO. Zhang et al.”
found that airflow and maximum negative pressure at the chopping
chamber inlet had a negative relationship with working velocity, but
installing fan-type blades on the collecting and chopping shaft
effectively improved airflow and maximum negative pressure at the
chopping chamber inlet.
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Figure 12 Effects of RPA, RVCCB, and WV on VVCAO

3.3 Influence analysis of turbulent Kkinetic energy and
dissipation rate in chopping chamber

Turbulent kinetic energy, the key index to describe the level
and development of turbulence, directly reflects the disturbance of
fluid in the process of motion. Turbulent kinetic energy dissipation
rate is used to judge the ability to convert gas flow kinetic energy
into heat energy under molecular viscosity, and is also the rate of
energy dissipation in the process of large vortex splitting into small
vortex and large bubble splitting into small bubble. The greater the
dissipation rate of turbulent kinetic energy, the more intense the
movement in the airflow field *. Therefore, the higher turbulent
kinetic energy and dissipation rate damaged the spreading
uniformity of chopped maize stalks.

The effects of RPA, RVCCB, and WV on maximum turbulent
kinetic energy of airflow (MTKEA) are shown in Figure 13. In
different planes, the RVCCB had a positive effect on MTKEA, and
compared with RPA and WV, RVCCB had the greatest influence on
the MTKEA (Table 5). In the chopping chamber, compared with
RVCCB 1600 r/min, MTKEAs were maximally increased by
125.89% (RPA=15°), 124.56% (RPA=0°), and 131.38% (RPA=
—15°) under RVCCB 2400 r/min, respectively. In addition, the
results indicated that the effect of WV on MTKEA was limited.

Under the different RPAs, the fluctuation ranges of MTKEAs were
3.93 to 31.17 m¥s* (RPA =15°), 3.24 to 10.25 m%*s* (RPA =0°), and
2.59 to 12.48 m*s* (RPA =—15°), respectively. The relationships
between WV and MTKEA were different in different planes. For
example, in the P2 and P3 planes, a positive relationship between
MTKEA and RPA was found, and MTKEA under RPA -15°
reached minimum values of 4.24 and 7.27 m*/s?, respectively.

Table 5 Regression model of MTKEA in different planes

Center plane (R*=0.72) Plane P1 (R=0.29)

Model
Coefficient T P Coefficient T P
Intercept -5.839 -5.506 HoHk -3.492 -1.357 n.s
RPA —-0.015 —1.287 n.s 0.015 0.505 n.s
RVCCB 0.007 13.465 ok 0.006 5.049 o
wv 0.360 0.874 ns -1.696 —-1.696 *
Plane P2 (R=0.95) Plane P3 (R>=0.98)
Intercept -3.689 -11.871 ok —4.430 —22.330  ***
RPA 0.070 19.999 ok 0.023 10.359 Hkk
RVCCB 0.004 28.565 ook 0.005 56.106 ok
wv 0.331 2.745 ok —0.403 —5.231 Hkk




144 October, 2024 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 17 No. 5

14 1.00
12 0.75
[} -
g 10| =
S g
5 £ 050
5 8|l =
O
0.25
6
4 0 0
1600 1800 2000 2200 2400 1600
15.0 1.00
13.0
0.75
= 110 TE
o
§ S 0.50
& 85| =
65 0.25
4.5 0 0
1600 1800 2000 2200 2400 1600
90 1.00 1.00
7.1 0.75 0.75
B o g 0.50 0.50
Q —~ .. ..
5 >
= 51| =
0.25 0.25
3.8
2.5 0 — 0
1600 1800 2000 2200 2400 1600
10 1.00
9
0.75
8
& K
o g
E 7 £ 050
&= =
6
0.25
5 1
q
4

0 ‘ 0
1600 1800 2000 2200 2400 1600
RVCCB/r'min™!

0° —-15°

0 p
1800 2000 2200 2400 1600 1800 2000 2200 2400

0
1800 2000 2200 2400 1600 1800 2000 2200 2400

1.00

0.75

0.50

0.25

~ 0
1800 2000 2200 2400 1600 1800 2000 2200 2400

1.00

0.50

0.25

0 .
1800 2000 2200 2400 1600 1800 2000 2200 2400

RVCCB/r'min™ RVCCB/r'min™!
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Figure 13  Effects of RPA, RVCCB, and WV on MTKEA

The effects of RPA, RVCCB, and WV on maximum turbulent
kinetic energy dissipation rate of the airflow (MTKEDRA) are
shown in Figure 14. In different planes, RVCCB had a positive
effect on MTKEDRA, with the influence level being RVCCB>
RPA>WV (Table 6). Compared with RVCCB 1600 r/min,
MTKEDRASs were maximumly increased by 216.46% (RPA=15°),
241.83% (RPA=0°), and 220.17% (RPA=-15°) under RVCCB
2400 r/min. In the center plane and P3 plane, MTKEDRA had a
negative relationship with RPA, reaching the minimum value under

RPA 15°, but an insignificant effect of WV on MTKEDRA was
also found.

In the double rollers maize stalk chopping machine, the
components of turbulence had multiple scales. In the turbulence,
larger eddies dominate the momentum transformation, and smaller
eddies mainly transfer the turbulent kinetic energy into the system
internal energy. In the plane of center P1, P2, and P3, RVCCB had a
positive impact on MTKEA and MTKEDRA, and in the positions
with larger MTKEA, the MTKEDRA also was higher than in other
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Figure 14 Effects of RPA, RVCCB, and WV on MTKEDRA

positions. Those results indicated that the energy dissipation of the
mean flow of airflow and the turbulent kinetic energy dissipation
were significant. In the chopping process of maize stalks,
when the turbulent kinetic energy and dissipation rate in the
chopping chamber improved, the number of smaller eddies directly
promoted the collision between chopped stalks. This directly
decreased the kinetic energy increase of chopped maize stalks by
airflow and increased the heat energy of airflow, leading to a
decrease in the spreading uniformity of chopped maize stalks and

energy use efficiency™'.
3.4 Parameter optimization of full envelope-type chopping
chamber

To indicate the influence of RPA, RVCCB, and WV on airflow
field distribution, based on regression analysis, RPA, RVCCB, and
WV were the independent variables; the maximum and average
velocity of airflow at the outlet, MPDIO, and MNPI were the
dependent variables; and the multivariate parameters model was
obtained as Equation (8):
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Table 6 Regression model of MTKEDRA in different planes
Center plane (R>=0.56) Plane P1 (R*=0.79)
Model - ;
Coefficient T P Coefficient T P
Intercept 13 54036  —4.98 FAE —7181.18 -9.56 HoHE
RPA -106.67 -3.50 FAE 0.86 0.10 n.s
RVCCB 11.67 8.84 FAE 5.95 16.30 HoHE
A% —681.73 —-0.65 n.s —-100.83 -0.35 n.s
Plane P2 (R*=0.79) Plane P3 (R*=0.49)
Intercept ~ —2968.34 -8.78 FAE -12362.22 442 HoHE
RPA 19.99 5.28 FAE —94.52 -3.01 HoHE
RVCCB 2.53 15.41 FAE 10.49 7.73 HoHE
wvV 59.69 0.46 n.s —755.15 -0.70 n.s
N -0.2 9.7 0.3
Y2 0.03 1.2 -0.1
= x10° - x10° + S+
v 3.6 99 [ 57"
-0.2 4.3 04
LYa
[ 3.5 0.01 -0.2 -5.8
-0.7 -0.1 0.02 -2.0
+ 2% 107+ 2% 107 - +
24 |27 35| 30 | ™ 1107 |
| —22.9 0.88 -0.2 -74.7
[-43 -0.2 3.1
5231 0.04 | | > 1.3 ] ,
S %107 - 8
43917 | 49 | —62 | ®)
| 19.1 -04 52.8

where, x|, x,, and x; represent the RPA, RVCCB, and WV,
respectively; vy, y», v3, and y, represent the maximum and average
velocity of airflow at outlet, MPDIO, and MNPI, respectively; and
the R* of y,, y», 3, and y, are 0.86, 0.86, 0.89, and 0.88, which
illustrated good function fitting effect.

To find better parameters for the full envelope-type chopping
chamber, the objective function and constraint conditions were as
Equation (9), and then RPA, RVCCB, and WV were calculated as
13.88°, 1865.26 r/min, and 0.53 m/s. For the manufacture of the
machine and field experiment, the values were rounded off to 15°,
1800 r/min, and 0.50 m/s, and anteverted full envelope-type
chopping chamber was applied.

max (1, 2,3, )
-15<x, <15

s.t. ¢ 1600 < x, <2400
0.25<x<1.00

)

3.5 Influence analysis of structure of hyperbolic spiral-type
guided shell on distribution of airflow
3.5.1 Structure of hyperbolic spiral-type guided shell

According to the above conclusions, anteverted full envelope-
type chopping chamber was selected in this study. In the chopping
chamber, airflow and chopped stalks rotated around the collecting-
chopping shaft and sliding-supporting shaft by a collecting-
chopping blade with high rotational velocity. If the guided shell in
the chopping chamber was not installed, most of the chopped maize
stalks moved around the inner edge of the chopping chamber and
the collecting-chopping shaft and sliding-supporting shaft, and a
small amount of chopped maize stalks were spread out of the
chopping chamber, which directly affected the spreading uniformity
of the chopped stalks. Importantly, the guided shell in the chopping
chamber changed the movement direction of chopped maize stalks
and airflow, which improved the distribution and spreading

uniformity of chopped stalks. Therefore, the structure of the guided
shell directly affected the distribution character of airflow in the
chopping chamber and the spreading uniformity of the chopped
maize stalks.

To reduce the motion resistance of the guided shell to airflow,
the structure of the guided shell needed to be smooth and
continuous. Therefore, hyperbolic spiral was used, and the
parameter equation was calculated as Equation (10):

_ Rcoso,

cs
y

Rsino, (@, #0) (10)
Vs = ———

a,

where, x,, and y,, are coordinates of the culm drainage hood on the x
and y axes, respectively, mm; R is the initial radius of the guided
shell, mm; and o, is the angle between the point in the hyperbolic
spiral and the x axis, (°). To improve the smoothing character of the
guided shell, R is set as 550 mm.

Because of the interactive relationship between the arc length
of the hyperbolic spiral-type guided shell and airflow motion, too
long of an arc length was conducive to the rotational motion of the
airflow in the chopping chamber, but was disadvantageous to
airflow and to outflow of the chopped stalks from the chopping
chamber outlet. Too short of an arc length was conducive to airflow
and to outflow of the chopped stalks from the chopping chamber
outlet, but the diversion effect of the guided shell on the airflow in
the chopping chamber was weakened, ultimately affecting the
spreading uniformity of maize stalks. To find the suitable arc
length, the center of the collecting-chopping shaft was taken as the
coordinate origin to establish the xOy coordinate system. Four arc
lengths of the hyperbolic spiral-type guided shell were selected, and
those arc lengths corresponded to the center angles (CA) of 75°,
90°, 105°, and 120°, respectively (Figure 15).

a. 9,=30°

b. y=15° c. y,~0° d.y=15°

1. Sliding-supporting blade, 2. Hyperbolic spiral-type guided shell, 3. Collecting-
chopping blade, 4. Anteverted full envelope-type chopping chamber.
Note: Green line is the hyperbolic spiral, pink line is the tangent at the end of the
hyperbolic spiral, and orange line represents the motion direction of chopped
straw and airflow.
Figure 15 Structure diagram of anteverted full envelope-type
chopping chamber

In the chopping process of the maize stalks, the sliding-
supporting blade needs to pass through the hyperbolic spiral-type
guided shell and form a dynamic double supporting state for maize
stalks combined with the collecting-chopping blade. To avoid
interference between the sliding-supporting blade and the guided
shell, the opening width and length of the guided shell were 30 and
385 mm, respectively (Figure 16).

3.5.2 Effect of arc length of hyperbolic-type guided shell on
distribution of airflow

To obtain a better arc length of hyperbolic-type guided shell,
the effects of arc length on airflow distribution in the chopping
chamber were studied to improve the airflow distribution uniformity
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and spreading quality of chopped stalks. In this simulation, the
rotational velocities of the collecting-chopping blade and sliding-
supporting blade were 1800 and 900 r/min, respectively, and the
rotational direction was the same.

Figure 16 Top view figure of the opening location in the
hyperbolic spiral-type guided shell (mm)

The pressure distribution at the chopping chamber inlet under
different guided shell arc lengths is shown in Figure 17. The
negative pressure at the chopping chamber inlet occurred by
collecting-chopping blades with high rotational velocity, which was
conducive to collecting and chopping the stalks in the field.
Additionally, because in the double rollers maize stalk chopping
machine the collecting-chopping blades were installed in a double
helix on the shaft, and only part of the collecting-chopping blades
worked on the fluid domain at the chopping chamber inlet, the
uneven distribution of negative pressure at the chopping chamber
inlet was indicated. Under different CAs of the guided shell, the size
of the maximum negative pressure area at the chopping chamber
inlet (blue region in Figure 14) was CA 105°> CA 90°> CA 120°>
CA 75°. These results indicated that the larger negative pressure
area at the chopping chamber inlet under CA 105° and 90° was
conducive to forming a bigger pressure difference and improving
the collecting and adsorbing ability for maize stalks in the field.

The distribution of velocity, pressure, and turbulent kinetic
energy on the center plane is shown in Figure 18. For the hyperbolic
spiral-type guided shell with different CAs, the pressure on the
center plane increased radially and gradually along the axis of the
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Note: a, b, ¢, and d represent pressure distribution under CA 75°, 90°, 105°, and
120°, respectively.
Figure 17 Pressure distribution cloud map of chopping
chamber inlet

collecting-chopping shaft, but the change of pressure along the
radial direction of the sliding-supporting shaft was ignored. This
was due to the velocity of the collecting-chopping shaft being larger
than the velocity of the sliding-supporting shaft. Near the collecting-
chopping shaft, the maximum negative pressure areas under CA
105° and 120° were larger than those under CA 75° and 90°.
Furthermore, the airflow velocity near the end of the collecting-
chopping blade was higher than the airflow velocity in other
regions, and increasing CA was conducive to improving the
velocity and pressure of airflow near the end of the collecting-
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105°, and 120°, respectively; i, j, k, and 1 represent the turbulent kinetic energy distribution under CA 75°, 90°, 105°, and 120°, respectively.

Figure 18 Distribution cloud map of velocity, pressure, and turbulent kinetic energy in center plane
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chopping blade to increase the kinetic energy of chopped maize
stalks. Because of the separation influence of the guided shell on the
chopping chamber, lower velocity and less disturbance of airflow
on the guided shell were found. Simultaneously, in the airflow areas
with large velocities and pressures, turbulent kinetic energy was
also large, but reducing CA was beneficial for reducing the area and
intensity of turbulent kinetic energy, reducing the number of small
vortices and kinetic energy loss of chopped maize stalks, and finally
increasing the spreading uniformity of chopped maize stalks.

The distribution of velocity, pressure, and turbulent kinetic
energy on the plane P1 is shown in Figure 19. The results
demonstrated that the pressure on the windward side of the
collecting-chopping blade was higher than that of the nearby air
domain, while the pressure on the leeside of the blade was lower.
Additionally, airflow velocity near the end of the collecting-
chopping blade exceeded that of the other regions. The pressure and
velocity distribution under the guided shell in the plane P1 exhibited
a positive relationship with CA. This was due to the increase in CA
resulting in an increase in the arc length of the hyperbolic spiral,
thereby enhancing the axial airflow in the chopping chamber around
the collecting-chopping shaft. However, the elongation of the
hyperbolic spiral directly caused the corn stalk to rotate around the
collecting-chopping shaft, hindering its exit from the chopping
chamber. Moreover, CA was positively correlated with the
distribution area of turbulent kinetic energy in the chopping
chamber inlet. Turbulent kinetic energy on the leeside of the
chopping-collecting blade exceeded that of other airflow regions,
and with an increase in CA, the turbulent kinetic energy on the
leeside also increased. This, however, was detrimental to improving
the spreading uniformity of chopped maize stalks.
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Figure 19 Distribution cloud map of velocity, pressure, and
turbulent kinetic energy in plane P1

The distribution of velocity, pressure, and turbulent kinetic
energy on plane P2 is shown in Figure 20. As the radius direction of
the collecting-chopping shaft increased, there was a gradual
increase in the pressure and velocity of airflow. In addition, CA
negatively related to velocity of airflow at the chopping chamber
outlet and the pressure of airflow in the chopping chamber, and the
change in the airflow pressure on the upper and lower sides of the
guided shell was ignored. Turbulent kinetic energy was primarily
concentrated at the chopping chamber inlet and outlet with CA
values of 105° and 120°, surpassing the levels observed at 75° and
90°. This observation indicated that vortexes were more likely to
form at the inlet and outlet of the chopping chamber, thus
compromising the uniformity of chopped maize stalks.
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Note: a, b, ¢, and d represent the pressure distribution under CA 75°, 90°, 105°,
and 120°, respectively; e, f, g, and h represent the velocity distribution under CA
75°, 90°, 105°, and 120°, respectively; 1, j, k, and I represent the turbulent kinetic
energy distribution under CA 75°, 90°, 105°, and 120°, respectively.
Figure 20  Distribution cloud map of velocity, pressure, and
turbulent kinetic energy in plane P2

3.6 Validation experiment of airflow distribution in the
chopping chamber

The results of the measuring and simulation at L; and L, in the
chamber outlet are presented in Figure 21. According to the CFD
simulation results, when RVCCBs were 1600, 1800, 2000, and
2200 r/min, the maximum/average airflow velocities at L, were
9.45/3.72, 11.43/4.06, 12.09/4.62, and 11.40/5.23 m/s, respectively.
Similarly, the maximum/average airflow velocities at L, were
8.67/3.47, 10.14/4.14, 12.47/4.66, and 12.20/4.88 m/s for the same
RVCCB settings. The measuring results showed that the maximum
and average airflow velocities at L,/L, were 3.43/3.15, 4.21/3.98,
4.76/4.15, and 5.35/4.74 m/s, respectively, when RVCCBs were
1600, 1800, 2000, and 2200 r/min. Furthermore, the spreading
uniformity of chopped stalks was 79.89%, 81.76%, 82.64%, and
83.78%, when RVCCBs were 1600, 1800, 2000, and 2200 r/min,
respectively, which were all superior to national standards.
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at line L, when RVCCBSs are 1600, 1800, 2000, and 2200 r/min, respectively.
Figure 21

The difference in average airflow velocity between simulation
and measure at measuring points in L; and L, was less than 15%.
Although the same trend of airflow velocity between simulation and
measure at 20 measuring points in the chamber outlet was found, a
miss distance also existed. The reasons for these discrepancies are
attributed to the following: 1) the rotational velocity of the
collecting-chopping blade was controlled by accelerator, so the
rotational velocity could not maintain discrepancy consistently;
2) machining and installation error for the anteverted full envelope-
type chopping chamber existed in the manufacture process; and
3) the impeller anemometer was not perfectly aligned vertically
with the flow direction of air at the chamber outlet. Despite these
reasons, the difference of airflow between simulation and
measurement (less than 15%) also demonstrates the accuracy of the
simulation results, which can provide a reference for the design and
optimization of the full envelope-type chopping chamber.

4 Conclusions

This study investigated the effects of the structure and
operation parameters of a full envelope-type chopping chamber on
airflow distortion based on CFD technology. The simulation results
were validated by field validation experiment.
conclusions were as follows:

1) RVCCB had a positive relationship with MNPI, MPDIO,
average velocity, velocity variation coefficient of airflow at outlet,
MTKEA, and MTKEDRA; the velocity variation coefficient of
airflow at outlet increased with RPA but decreased with WV; and
MNPI reached its minimum under RPA 0°.

2) A multivariate parameters optimization regression model
was developed for RPA, RVCCB, and WV in relation to the
maximum and average velocity of airflow at the outlet, MPDIO,
and MNPI. The regression model was then solved, determining the
values of RPA, RVCCB, and WV at 15°, 1800 r/min, and 0.50 m/s.

3) To improve the uniform distribution of airflow in the
chopping chamber, a hyperbolic spiral-type guided shell was

The main

Comparison of airflow velocity between simulation and measuring at lines L, and L, in chamber outlet

designed; based on the analysis of the influence of the structure of
the hyperbolic spiral-type guided shell on the distribution of
airflow, the arc angle of hyperbolic-type guided shell was
determined at 90°.

4) The validation experiment showed that the spreading
uniformities of the chopped stalks were better than national
standards, and the velocity difference between simulation and
validation experiment was less than 15%, which indicated the
accuracy of CFD simulation results.

The results of this study can provide a technical reference for
design and optimization of the chopping and spreading machine.
However, this study focused only on the airflow distribution; in the
future, the interaction between airflow and chopped stalks needs
further research.
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