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Abstract: In response to the issues of high cost, limited detection accuracy, and significant measure-
ment errors inherent in conventional manual techniques used to measure straw cover weight under
the conservation tillage method, a dedicated straw cover weight detection machine was developed
in the current study. This machine included a critical straw suction device that utilizes negative
pressure to collect straw within a defined area. The efficiency of straw collection is affected by suction
chamber structural parameters and transport pressure. With crushed corn straw as the research
subject, the theoretical calculation of straw suspension velocity was used to determine the wind duct
diameter, perform the initial design of the suction chamber structure, and select the appropriate fan.
After conducting preliminary experiments, single-factor optimization tests, and orthogonal rotation
experiments, we analyzed the flow field distribution patterns and identified the critical parameters for
the straw cover weight suction unit. We found that the fan should operate at a speed of 2900 r/min,
the diameter of the straw outlet should be 200 mm, the vertical height of the suction chamber should
be 536 mm, and the bottom diameter of the suction chamber should be 800 mm. The optimization
results were validated through simulation tests and bench tests, yielding an average near-ground
airflow velocity of v = 9.03 m/s and an average outlet airflow velocity of v, = 34.27 m/s, meeting
the basic requirements of the suction unit. This study could provide a new approach and technical
support for the automated detection of straw cover weight in conservation tillage areas.

Keywords: straw cover weight; detection; straw suction unit; CFD simulation; bench test;
conservation tillage

1. Introduction

Conservation tillage is an advanced agricultural practice that improves soil fertility
and helps crops resist drought [1]. It has become the mainstream farming technique in
countries such as the United States, Brazil, and China [2]. Among the key technologies
of conservation tillage, straw residue cover plays a pivotal role [3]. Residue cover on the
soil surface brings several benefits, including reducing water erosion, mitigating wind
erosion, increasing soil moisture content, enhancing organic matter content, and reducing
dust emissions [4,5]. However, different levels of straw cover over an extended period
can impact various soil properties for conservation tillage [6,7], such as soil nutrients and
surface moisture content, as well as no-till seeding, crop growth, photosynthesis, yield,
soil protection, and weed occurrence. Therefore, the technology for measuring straw cover
weight is crucial to ensure compliance with the requirements of conservation tillage.
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Currently, there are two main methods for measuring straw cover, namely, straw
cover percentage detection and straw cover weight detection [8-18]. Recent research
on straw cover percentage detection has involved various image processing and deep
learning techniques [19-24]. These methods primarily rely on computer vision to rapidly
identify straw-covered areas and process images, which are less labor-intensive and efficient.
However, they are susceptible to variations in field conditions, such as differences in straw
morphology and lighting, and cannot address the issue of straw uniformity resulting from
varying straw cover thickness.

China typically uses manual methods to weigh straw cover, involving collecting
samples at specific points using the rope-pulling method. However, this approach is
labor-intensive, inefficient, lacks precision in separating straw within and outside the
sampling frame, has limited control over detection accuracy, and is prone to measurement
error. Currently, there is a lack of research on the mechanization and automation of straw
cover weight detection. The author has disclosed a previously published patent titled
“A Self-Propelled Straw Cover Weight Detection Machine and Detection Method” [25].
This machine is designed to measure straw cover weight within a fixed area with high
precision, replacing manual measurements. The patent provided a detailed description of
each working unit, including the straw suction unit.

At present, the main methods of collecting straw in agriculture are mechanical (in-
cluding two types: spring-tooth drum [26,27] and eccentric telescopic finger-type [28]) and
pneumatic [29]. Compared to the mechanical type, the pneumatic type is better suited for
uneven terrain, allows for adjustments in wind speed and direction, has higher work effi-
ciency, lower mechanical losses, and reduced maintenance cost. The mechanical type is not
very effective at collecting all the straw on the ground because of the large gap between the
spring teeth, resulting in a high missed picking rate. Additionally, both mechanical picking
types require a lower driving speed, which does not align with the fixed-point picking
scheme in this article. Therefore, this paper adopts a pneumatic straw suction method. The
suction chamber and air duct transport system'’s inner diameter, fan selection, and suction
chamber design are crucial for the straw collection rate. Pneumatic conveying systems have
been widely applied in agricultural production in recent years, with research focusing on
the pneumatic conveying characteristics of various agricultural biomaterials [30], includ-
ing pipeline design and analysis of different biomass particles and the study of complex
situations involving the movement of biomass particles in multiphase flow [31-34].

In this paper, we discuss a study on the suction chamber model using CFD software
(version 2024). This research includes simulation tests that illustrate the movement of
straw within the airflow field present inside the suction chamber. The test results and
simulation analysis offer valuable insights for designers and engineers to optimize the
suction chamber structure. CFD can simulate, calculate, and analyze flow fields [35]. CFD
has been utilized in various agricultural applications, such as predicting fluid flow and
heat transfer during grain drying to improve product quality [36]. CFD has also been used
to simulate and evaluate complex environmental parameters within intensive agricultural
production systems [37].

In this paper, the straw cover weight detection machine employs the straw cover
weight unit, which operates using a dilute-phase pneumatic conveying method. (When
the concentration of particles in the airflow is below 0.05 m3/m3, the solid-to-gas ratio
is low, resulting in high power consumption and fast material flow rate) [38]. The high-
speed rotation of the centrifugal fan induces air to move centrifugally, creating a pressure
differential within the air due to centrifugal force. This results in the formation of negative
pressure inside the suction chamber. As the airspeed within the suction chamber reaches
the suspension velocity (When fluid blows particles from the bottom to the top at a specific
speed, the particles will remain stationary. The speed at which the fluid blows upward in
order to achieve this is known as the suspension speed of the fluid. If the fluid speed is
greater than the suspension speed, the particles will be carried away.) of the straw cover
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weight on the ground [39], it transports the straw cover weight from the suction chamber
into the fan and through the ducts, ultimately reaching the collection bag.

Following an analysis of the factors influencing the efficiency of straw cover weight
suction, the determination of duct diameter, initial design of the suction chamber, and
fan selection were all based on the straw cover weight suspension velocity. Furthermore,
a CFD model was established, enabling numerical simulations and an examination of
airflow patterns within the suction chamber. This investigation led to the identification
of optimal operating conditions and crucial parameters for the suction chamber structure.
These findings provide a foundation and reference for the design and optimization of the
straw cover weight suction unit within the straw cover weight detection machine.

2. Materials and Methods

2.1. Structure and Working Principle of the Straw Cover Weight Detection Machine's Straw
Suction Unit

The straw cover weight detection machine mainly includes the following components:
the mobility unit, straw cutting unit, straw suction unit, straw cleaning unit, weighing unit,
and control unit, as shown in Figure 1. The control unit coordinates multiple units of the
detection machine for real-time measurement of straw coverage in multiple areas. The
mobility unit, using a satellite positioning system, scans the field map of the target area and
transfers it to a mobile app. The machine’s built-in program then plans the optimal path to
reach each specified measurement area, as illustrated in the process flow of the mobility
unit in Figure 2. The straw cutting unit separates the straw inside and outside the sampling
frame using cutting blades, with adjustable frame height. The straw suction unit utilizes
a negative pressure pneumatic conveying system, along with air ducts and an axial-free
screw conveyor, to transport the straw within the sampling frame to the double-layer straw
sieving cylinder of the straw cleaning unit for the removal of impurities. The effectiveness
of the air duct transportation system, especially in terms of cleaning surface straw within
the target area, determines the quantity of straw transported to the straw cleaning unit. This
quantity, in turn, determines the straw weight measured by the weighing unit. Therefore,
the straw suction unit is a crucial component for ensuring accurate measurement results
and represents the core focus of this study.

Figure 1. Three-dimensional model diagram of straw cover weight detection machine. 1. Con-
trol unit; 2. Straw suction unit; 3. Straw cleaning unit; 4. Straw cutting unit; 5. Weighing unit;
6. Walking unit.

Figure 3 illustrates the framework of the straw suction unit, which includes a suction
chamber, inverter, intake air duct, centrifugal fan, exhaust air duct, chassis, frame, and
collection bag. The centrifugal fan comprises the motor, snail shell, impeller, and blades.
In case of any issue, one can replace individual suction chamber units by disconnecting
the connection between the stalk outlet and the air inlet duct, and then replacing it. The
diameter of the intake air duct and the intake opening of the centrifugal fan must match
the diameter of the suction chamber’s straw outlet. The first two components can also be
replaced, and the structural parameters can be adjusted by conducting multiple bench tests.
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Figure 2. Flowchart illustrating the execution process of the walk unit.

Figure 3. Straw suction unit bench structure. 1. Suction cavity; 2. Inverter; 3. Air intake duct;
4. Centrifugal fan; 5. Air outlet duct; 6. Collection bag; 7. Frame; 8. Chassis.

During operation, straw is conveyed from the ground surface into the collection bag
through the interior of the suction chamber, intake air duct, fan, and exhaust air duct. The
suction chamber is positioned 10 mm above the ground, and its bottom area corresponds
to the measurement area of the detection machine. The inverter controls the centrifugal
fan’s speed, gradually increasing it. When the centrifugal fan starts, a pressure difference is
formed between the inside and outside of the suction chamber. Once the airflow velocity
inside the suction chamber reaches the starting speed of the straw, the straw starts to
move. Due to the gradually tapered structure of the suction chamber, the straw in the
central area of the ground reaches the starting speed first, while the straw in the edge area
near the bottom of the suction chamber follows suit. With the increase in the centrifugal
fan’s speed and airflow volume, the pressure difference between the inside and outside
of the suction chamber increases. When the airflow velocity inside the suction chamber
exceeds the suspension velocity of the straw, a high-speed negative pressure airflow lifts
the ground straw upward. The straw adopts a rotating upward posture within the suction
chamber, and some straw may impact the interior wall of the suction chamber. Ultimately,
the straw reaches the suction chamber’s straw outlet at the bottom. After entering the
centrifugal fan through the intake air duct, the straw, under the rotation of the impeller
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blades and the influence of the airflow, arrives at the exhaust air duct and finally reaches the
collection bag.

2.2. Straw Sucking Process Theoretical Analysis

During pneumatic conveying, the movement of materials can be quite complex. The
straw located at the circular bottom of the suction chamber experiences various situations,
including friction with the pipe wall during upward movement. This can lead to scenarios
such as dense flow, sparse flow, and stagnant flow. However, the straw located near the
center of the projection circle at the bottom of the suction cavity is considered to be in the
vertical suction cavity. Once the straw is sucked up, the distribution in the suction cavity
tends to be uniform [40]. In order to study the factors that affect the effectiveness of straw
suction, an analysis was conducted on the forces that act on the straw in the direction of
flow along the suction chamber wall.

As shown in Figure 4, within the inclined suction chamber wall with a slope angle 6,
there is a group of particles distributed along the AL segment, represented by n particles.
Assuming that each of the n particles experiences a force equivalent to the force on a
single particle, the particle group is subjected to the thrust force nf from the airflow and its
own weight nw. The gravitational force component acting in the direction of the flow is
nwsinf. Due to the complex nature of wall forces, it is assumed that the frictional force is
proportional to the force in the vertical direction of the wall due to gravity. Let the friction
coefficient be &. Therefore, the frictional force in the direction of flow is ¢nwcosf. When the
particles reach their suspension velocity, the degree of friction between the particles and
the wall decreases, and a layer of air cushion is formed between the particle group and the
wall. At this point, the approximate reaction force from the wall is the gravitational force
component nwcosf. For a particle group with an airflow velocity of v, and an initial velocity
of 0, being accelerated to a certain velocity v}, the equation of motion for the particle group
is as follows:

wdoy
g dt

= nw — ¢{nwcos — nwsin 0 D)

Figure 4. Schematic diagram of straw forces.

By using the velocity ratio ¢ = z—:, Equation (1) can be rearranged as follows:

2
%’ :g07a2 [4’2 —2p+{1 — <Uav_avb) (@cos@%—sin@)}] ()

(Ua - Ub)

When the particles are accelerated to a certain velocity and reach a stable conveying
state, ‘fi—f = 0, that is, when:

p=1- (vav_avb>(§c059+sin9)é @)
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To achieve good straw suction performance and high suction efficiency while ensuring
that the straw can be lifted, it is essential for the straw to reach a stable conveying state
within a relatively short period. In other words, the time it takes for the velocity ratio ¢ to
approach 1 should be minimized. As indicated by Equation (3), the increase in velocity ratio
¢ during the straw suction process is related to the air velocity v, and the inclination angle
6 of the suction chamber, assuming that v, and ¢ are constant values [41]. As shown in
Figure 5, the inclination angle 0 is determined by three structural parameters of the suction
chamber: the vertical height H, the outlet diameter D, and the bottom diameter L. According
to experimental data from researchers like Prandtl [42], Nikuradse [43], and Reichardt [44],
it has been observed that at different distances from the pipe wall, materials experience
varying degrees of air thrust and friction velocity, leading to different motion states. This
study describes a tapered suction cavity. As the height of the cavity increases, the cross-
sectional area decreases. Consequently, the airflow velocity and acceleration values increase
continuously. This design can also impact the air velocity v, and, consequently, it can
influence the straw suction performance.

Figure 5. A schematic diagram of the suction chamber structure.

In addition, the collision between particles or between particles and the pipe wall
results in the loss of some kinetic energy gained from the airflow thrust. This is manifested
as pressure loss, which affects the airflow velocity v,. Therefore, in the following sections,
pressure loss will be calculated as a basis for selecting an appropriate fan and studying the
impact of the fan’s suction (negative pressure) on the airflow velocity.

2.3. Key Component Design

There are two main types of pneumatic conveying methods—suction-type and pressure-
type [41]. These methods are further divided into dense-phase conveying and dilute-phase
conveying based on material density. The first step in designing a pneumatic conveying
system is to accurately calculate the pressure loss within the transportation system. This
calculation is crucial in designing various components of the apparatus and can have a
significant impact on the overall quality and equipment costs. In this study, considering
the density of straw and the design concept, the suction-type dilute-phase pneumatic
conveying method has been adopted.

Surface straw primarily consists of leaves and stems, with stem suspension velocity
greater than leaf suspension velocity [45]. Therefore, in the subsequent calculation process
aimed at meeting the conditions for transporting straw and improving the efficiency of
straw transport, the suspension velocity of straw stems can be used as a reference. Based
on the straw suspension velocity, calculations for duct diameter, preliminary design of
the suction chamber structure, pressure loss within the transport pipes, and fan selection
were conducted.

2.3.1. Straw Suspension Velocity

Considering the fluid dynamics’ characteristics of irregular materials, a force analysis
was performed when straw was suspended. It was subject to forces such as its own gravity,
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drag force from the airflow, and buoyancy. Using the method recommended by ASAE,
irregularly shaped materials are simplified to equivalent spheres with unchanged volume
and density [46].

When the material reached the critical velocity, it was in equilibrium under the influ-
ence of these three forces, and they were equal to each other:

m

CsAstUts2 = mg —
Os

P8 4)

The equations for the equivalent sphere diameter d., shape correction factor ¢, and
suspension velocity of the equivalent sphere vi. were as follows:

1/3
de=124(2) " = 1240}

_ 4gde (0s—pf)
vte - 3Cepf (5)

_ 1 _ 1 [4gde(ps—pr)
O = g0 T eV T e

where m is the mass of straw (kg); g is the acceleration due to gravity (m/s?); p; is the
density of straw (taken as 100 kg/m?); vp, is the volume of straw (m®); p is the density
of air (1.25 kg/m?); A; is the windward area of straw (the projected area in the vertical
direction of material movement) (m?); v is the suspension velocity of the equivalent sphere
(m/s); Cs is the straw drag coefficient; Ce is the equivalent sphere drag coefficient; vy is the
suspension velocity of straw (m/s); and @ is the shape correction factor (taken as 0.75) [47].

From Equation (5), it can be observed that when the fluid density (o), straw density
(ps), and shape correction factor (P) are determined, the suspension velocity (vts) is only
related to the equivalent diameter (de) and the equivalent sphere drag coefficient (Ce). The
equivalent sphere diameter (de) is determined by the straw volume (vp).

A five-point sampling method was used to determine five sampling areas of 1 m? each.
The experimental samples were corn straw collected in November 2022 after the straw
return operation in the test field in Harbin, as shown in Figure 6. Random samples of equal
weight were taken from each of the five sampling areas, and their moisture content was
measured using a drying method, resulting in values of 7.783%, 8.973%, 7.063%, 6.966%,
and 6.880%. The average moisture content was 7.533%. To facilitate theoretical calculations,
the corn stalk portion was simplified to a cylinder. From each sampling area, 40 random
stalks were selected, totaling 200 stalks as calculation samples. The diameter d and length [
of each stalk were measured, and their volumes were calculated. Stalks from different parts
of the straw have varying cross-sectional areas, leading to different v, values. Based on the
measurement results, it was determined that 95% of the crushed corn stalks had diameters
between 4 mm and 18 mm, and 90% of them had lengths between 60 mm and 100 mm. The
average sample volume was calculated as v, = 6.34 x 107° m? and d, = 0.022 m.

Figure 6. Test sample. (a) Straw sample; (b) Straw stalk sample.
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The drag coefficient C, is related to the Reynolds number R,. Referring to agricultural
material parameters and calculating with the Reynolds number [48], it is determined that
Re > 500. In the Newtonian drag region where 500 < R <2 x 10°, the drag coefficient is
relatively constant, approximately 0.44. When R, > 2 x 10°, it reaches the critical drag
region, and the drag coefficient suddenly decreases by approximately 50%. The drag
coefficient follows the formula C = 1.194 — 0.13¢, where ¢ represents the angle between the
stalk’s normal direction and the relative velocity direction, ranging from 0° to 90°. From
Equation (5), it can be observed that C, is inversely proportional to e. Therefore, when
€ = 0°, which means that the stalk’s normal direction is aligned with the airflow direction,
the drag coefficient is a maximum, denoted as Cemax = 1.194. When € = 90°, meaning that
the stalk’s normal direction is perpendicular to the airflow direction, the drag coefficient is
a minimum, denoted as Cemin = 0.024.

Substituting these values into Equation (5), it is calculated that 5.081 m/s < vy <
11.813 m/s.

2.3.2. Duct Diameter Design

The duct diameter d is determined by the conveying air velocity v, and the required
air volume for conveying Q,, expressed by the formula:

_ |4Qa
4= T, ©

where v, is based on the relationship table between conveying air velocity v, and critical
velocity vis of materials [49]. In order to ensure the intake rate of surface straw, v, = 1.9 is
selected; thus, 9.654 m/s < v, <22.479 m/s.

The required air volume for conveying, Q,, is calculated as W, / ps, where W, represents
the air mass required for conveying in a unit of time. It is determined by the mixture
concentration ratio us and the mass of material Wy transported in unit time. u; is calculated
as Ws/W,. In order to enhance the conveying capacity, the total amount of surface straw
transported by the air duct transportation system is designed to be a maximum of 1 m?,
with a total weight of approximately 1.3 kg. Therefore, the maximum W; should be
1.3 kg/s. Considering that the actual transported straw material can be approximated as
cylindrical and the conveying conditions are low-vacuum attracting, a mixture ratio us of
1.6 is selected based on reference to other relevant examples. Thus, W, is 0.81 kg/s.

2.3.3. Suction Chamber Preliminary Design

Suction-type conveying systems commonly use suction nozzles, including single-
tube nozzles, double-tube nozzles, and rotating nozzles. Single-tube nozzles include
straight tube nozzles, bell-mouth nozzles, and oblique-mouth nozzles. To reduce en-
ergy loss, a single-tube bell-mouth nozzle with a simple structure, low mixing ratio, and
minimal resistance loss is selected. This type of nozzle is a gradually tapered conical
suction chamber.

In order to save power, facilitate subsequent processing of the suction chamber, and
make the bottom area closer to an integer value for ease of calculation, the suction chamber’s
bottom area was set at 0.5 m?, and the bottom diameter L was designed to be 800 mm. Since
the suction chamber is connected to the air duct at the straw outlet, the diameter D of the
straw outlet is determined based on the calculated results of the air duct’s inner diameter.
The suction chamber’s height H is determined based on the height of the chassis of the
straw cover weight detection machine and the selected fan’s outlet center height. The slope
6 ranges from 0° to 90°. When calculating pressure loss, the maximum values of the suction
chamber’s structure were used to meet the requirements for subsequent straw suction.

In the following text, the suction chamber structural parameters are optimized through
preliminary experiments and CFD simulations.
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2.3.4. The Choice of Fan

During the conveying process, various practical factors can lead to a decrease in
pressure, which is referred to as pressure loss. This pressure loss primarily occurs in two
parts during the suction of straw: within the suction cavity and along the intake air duct.
The design involves a circular duct from the suction cavity outlet to the fan inlet. The
total pressure Ap includes both static pressure Aps and dynamic pressure Apy, expressed as
Ap = Aps + Ap;, where dynamic pressure represents the pressure due to kinetic energy and
can be defined as Ap; = 0.50¢v,%. Static pressure encompasses several types of pressure
losses, including acceleration pressure loss Apj, frictional pressure loss Apq, local pressure
loss Apy, and suspension pressure loss Apy, [50]. Specifically, acceleration pressure loss
mainly occurs during the acceleration of straw within the suction cavity [51]. Frictional
pressure loss results from the friction between the fluid and the cavity walls and occurs
within the suction cavity and material conveying ducts. It is the difference in pressure
between the inlet and outlet. Local pressure loss is primarily caused by changes in cross-
sectional shapes within the duct and variations in inlet and outlet sections. Suspension
pressure loss is mainly related to the lifting and suspension of materials and is governed by
the following Formulas (7):

. : ) ‘ dog . 47
Apj= (1+ 252 + [o, 2htdd 4 3C 20 1o (1 — 2o
Apy, = App1 + Appy

Vs+Us 5in 0

Apm = uspslviS

where C is the air dynamic resistance coefficient of straw, with a maximum value of 1.194
as determined earlier; / is the length of the intake air duct, measured in meters (m); vs is the
velocity of material particles, measured in meters per second (m/s); v¢ is the suspension
velocity within the intake air duct, measured in meters per second (m/s); and 6 is the pipe
inclination angle, which is substituted here with the sinf maximum value of 1.

After calculations, the Apy is 330.63 Pa, the Apj is 406.94 Pa, the qu is 109.77 Pa, the
Apy is 119.03 Pa, the Apy, is 168.81 Pa, and the theoretical total pressure loss is 1134.858 Pa.
Considering other losses along the path and ensuring a 40% increase in the total pressure
to account for straw cleaning, the corrected total pressure is 1907.11 Pa. To select an
appropriate fan, you need to calculate the fan’s airflow rate (Q, in m?/h), air pressure
(P, in Pa), and power (W, in kW) using the following expressions:

Q= ¢Qa

P = ¢Ap (8
P

W= 3600><1%700><171;72

where Q is the theoretical required air volume (m3/h); ¢ is the design margin, taken as 1.2;
171 is the fan efficiency, taken as 0.75~0.85; and #, is the mechanical transmission efficiency,
taken as 1.

2.4. Suction CFD Simulation Experiments

Based on the calculations and design results for the components of the straw cover
weight suction unit in Section 2.3, the following values were determined: the suction
chamber ground diameter L is 800 mm, the suction chamber height H is most suitable in
the range of 400 mm to 700 mm, and the outlet diameter D should fall between 190 mm
and 200 mm. For H, based on a significant number of preliminary experimental results,
narrowing it down to the range of 450 mm to 650 mm resulted in better straw cover weight
suction performance. To further investigate the optimal operating conditions and key
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combination parameters for the suction chamber structure, a CFD model was established
for the suction chamber and CFD simulations were conducted.

2.4.1. CFD Model Construction

Using CFD simulations to determine the optimal suction chamber structural param-
eters, a suction chamber model was established in a 1:1 scale using SolidWorks three-
dimensional design software (version 2023).

Because parameters at the inlet around the bottom of the suction chamber were
unknown, and the airflow patterns were complex, an extended area was established. The
height of the extension area had minimal impact on the results and was set to 50 mm, which
was the same as the gap between the suction chamber and the ground. The radius was set
to three times the suction inlet radius, which was 1200 mm. The mesh was generated using
the meshing method provided by Workbench 2020 R2, utilizing unstructured meshing.
Mesh quality was assessed using the skewness mesh metric, with a maximum value set at
0.85. The results indicate that the mesh quality was good, with more than 2 million mesh
elements, as shown in Figure 7. Since the fan pressure affects the suction force, and thus the
straw suction efficiency and airflow velocity distribution within the suction chamber, and
considering that the fan pressure can be adjusted, the simulated outlet pressure parameters
were set to —2500 Pa to —3500 Pa, based on the minimum calculated fan pressure when the
outlet diameter was 200 mm, which was 2312.5 Pa. Because the pressure difference inside
the suction chamber generates airflow for straw suction, the boundary condition for the
chamber’s bottom was set as pressure inlet (0 Pa), and the straw outlet was set as pressure
outlet with actual negative pressure values.

YZ longitudinal section

pd

Figure 7. Suction chamber and extended area mesh diagram.

In the Fluent simulation process, a three-dimensional turbulent numerical simulation
method, specifically the Reynolds-Averaged Navier-Stokes (RANS) method, was employed.
The core of the RANS method involves solving the time-averaged Reynolds equations,
which is currently one of the most widely used turbulent numerical simulation methods.
In this simulation experiment, the Realizable k-¢ turbulence model was utilized. This
model was suitable for this study because it relates the strain rate to the turbulent viscosity
calculation and accommodates the varying cross-sections in the suction chamber. The
numerical computation of the flow field was carried out using the SIMPLE (Semi-Implicit
Method for Pressure-Linked Equations) algorithm. This algorithm was based on solving
the discretized form of the momentum equation with a given pressure field. It iteratively
corrects the pressure values to obtain a new velocity field until the velocity field converges.
The SIMPLE algorithm is known for its strong stability, robustness, and wide applicability.
Solver method: simple, with strong stability, robustness, and wide applicability. The control
equations were discretized using the Green—Gauss cell-based method with a second-order
upwind scheme. The simulation was run for a total of 2000 iterations (Table 1).

2.4.2. Evaluation Criteria

Once the bottom diameter L is determined, the slope 6 is solely determined by the
exit stem diameter D and the height H. Therefore, it is considered that the optimal slope
s formed by the height Hs and exit stem diameter D; in the best simulation results is the
optimal solution. Generally, as the conveying air velocity increases, the material distribution
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inside the conveying pipe becomes more uniform; when the air velocity decreases, the
material tends to be more densely packed near the bottom.

Table 1. CFD Simulation Gas Phase Parameters.

Parameters Value
Medium air
Acceleration of gravity/(m/ 52) 9.81
Density / (kg/ md) 1.25
Temperature/(°C) 25
Viscosity /(kg/(m/s)) 1.7984 x 1072
Time step/(s) 2 %1073

To avoid the occurrence of material clumping at the bottom of the suction chamber
due to low air velocity, indices such as the average near-ground air velocity vj, exit air
velocity v,, and the average air velocity vy, in the YZ longitudinal section of the suction
chamber are used to assess the ability of airflow to transport straw. A larger vj, v,, and vm
indicate better straw transport. Preliminary experimental results show that the maximum
flow cross-section in the entire suction chamber is in the vertical YZ section in the middle of
the chamber. The uniformity index of the velocity in the YZ longitudinal section, denoted
as vy [52], is used to evaluate the overall velocity uniformity within the suction chamber. A
larger vy, indicates more uniform air velocity distribution within the suction chamber, and
it is expressed as follows:

w=1-) e — ©

2.4.3. Design of Single-Factor Optimization Experiments

To narrow down the optimal range of suction chamber vertical height (H) and under-
stand its impact on airflow velocity, the range of H obtained from preliminary experiments
was divided into five horizontal gradients: 450 mm, 500 mm, 550 mm, 600 mm, and 650 mm.
Single-factor experiments were conducted with the straw outlet diameter set at 200 mm,
the bottom diameter set at 800 mm, and the negative pressure at the straw outlet set at
—2500 Pa. Simultaneously, the corresponding angles (9) of the suction chamber were set
to 56.31°, 59.09°, 61.35°, 63.43°, and 65.26°, respectively. The experimental results were
analyzed to determine the optimal range for the vertical height (H) value.

2.4.4. Design of Orthogonal Rotational Combination Experiments

As indicated in Section 2.2, the factors affecting airflow velocity are the suction chamber
structure and transport pressure. Once the bottom diameter of the suction chamber is
determined, the parameters that determine the suction chamber structure are the vertical
height (H) and the straw outlet diameter (D) of the suction chamber. The transport pressure,
represented by the pressure at the straw outlet (P), has a significant impact on straw
transportation in the simulations. Therefore, three parameters, D, H, and P, were chosen as
experimental variables. The factors were studied with three levels each, resulting in a total
of 15 experimental combinations, using Uj, Vo, Um, and vy as indicators. The levels of the
experimental factors are presented in Table 2. Among them, H was determined to have a
range of 500 to 650 mm based on single-factor experiments. The straw outlet diameter (D)
had a test range of 190 to 200 mm, considering the duct diameter and the selected fan. The
transport pressure (P), determined by the fan’s wind pressure, had a test range of —2500 to
—3500 Pa. The experimental results were analyzed, and the optimization outcomes were
validated through simulation experiments and bench tests.
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Table 2. Orthogonal experimental factor level table.

Factors
Level Stra.w Outlet Vertical Height Transport Pressure
Diameter
H/mm P/Pa
D/mm

1 190 500 —2500

2 195 550 —3000

3 200 600 —3500

2.5. Design of the Straw Suction Unit Bench Test

To test the reliability and operational effectiveness of the straw suction unit, bench val-
idation tests were conducted in the indoor laboratory of the Conservation Tillage Research
Center at China Agricultural University.

The whole test bench, as depicted in Figure 8, consisted of a small car chassis
(1300 mm x 1000 mm), polyurethane air ducts, a centrifugal fan from the 06-46 3.6A
type, a collection pipe, and the suction chamber. A uniform sample of 1.3 kg of straw was
spread on the ground with a diameter of 800 mm, and the suction chamber was placed 1
cm above the corresponding straw location. To measure the airflow velocity, air volume,
and pressure within the suction chamber, the following steps were followed. First, the
researchers waited until the fan speed stabilized. The wind speed, air volume, and pressure
tester were then placed parallel to the ground at the bottom of the suction chamber. The
measuring end of the tester was inserted 100 mm, 200 mm, and 300 mm from the edge
of the suction chamber. Six testers were selected evenly spaced along the circumference
and measured at 400 mm from the edge of the suction chamber, which was the center of
the bottom of the suction chamber. Each measurement lasted approximately 15 s, or until
the tester showed a stable number. The data for each point were recorded. There were
19 wind speed values per group of tests. To obtain the average velocity v; of airflow near
the ground, the average value for each group of wind speed was calculated. To measure
the average air flow speed v, at the stalk outlet, the wind speed, air volume, and pressure
tester were inserted into the air duct at the outlet of the suction cavity. The measurement
was made the same way as for the average air flow speed near the ground.

Collection pipe

" Centrifugal fan

Straw Suction chamber ~ Airducts  Small car chassis

Figure 8. The setup of the bench test for the straw suction unit.

3. Results and Discussion
3.1. Determining the Diameter of the Air Duct and Selecting the Fan

Based on the parameters from Section 2.3.2, a calculation yielded the required air
volume for conveying Q, as 0.65 m3/s, and d was 0.19 m. For the convenience of calculation
in the subsequent text, d was approximated as 0.2 m.

Based on the parameters from Section 2.3.3, Q was 2808 m3/h, P was —2288.53 Pa,
and W was 2.23 kW. For the fan selection, a type 06-46 3.6A centrifugal fan was chosen



Agriculture 2023, 13, 2075

13 of 22

for the experiment. The specific parameters of this fan were as follows: air volume of
3000 m3/h, air pressure of 3500 Pa, electric motor power of 5.5 kW, left rotation by 90°, main
shaft speed of 2900 r/min, and the speed could be adjusted through an inverter to control
the air pressure effectively. This choice was made to meet the performance requirements
for straw suction, accommodate varying moisture levels in straw across different areas, and
allow for a wide range of air volume adjustments during the experiment.

3.2. Results and Analysis of Single-Factor Experiments
Figures 9-12 display the results of the simulation.

\
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Figure 9. Static pressure contour map of suction chamber YZ cross-section. (a) H = 550 mm;
(b) H = 450 mm; (c¢) H = 500 mm; (d) H = 600 mm; (e) H = 650 mm.

According to Figure 9, based on the overall distribution of negative pressure, the
YZ cross-section of the suction chamber is divided into three regions, labeled p, q, and r,
representing the upper, middle, and lower parts of the suction chamber, respectively. In the
bottom part of the suction chamber (region r), where the expansion area was connected to
the external atmosphere, the static pressure remained minimal and close to 0, as depicted
in Figure 10, where the airflow velocity in the expansion area was also 0. As the airflow
entered the connection point between the expansion area and the suction chamber, there
was a sudden increase in negative pressure, leading to a rapid increase in airflow velocity,
as shown in Figure 12, with the airflow velocity reaching its peak at the outermost periphery
near the suction chamber entrance. As the airflow converged toward the center from the
surrounding areas, collisions between airflow particles occurred, resulting in energy loss.
This led to a decrease in negative pressure of approximately —1360 Pa in the central area
near the ground, indicated by the green region in Figure 9. In this central region, the airflow
experienced the greatest energy consumption, resulting in the lowest airflow velocity near
the ground. In the middle region (region q) of the suction chamber, the negative pressure
gradually decreased as it transitioned to the upper part of the suction chamber (region p).
The negative pressure decreased from around —2500 Pa to approximately —2200 Pa, and
this reduction became more pronounced as the suction chamber height increased. In the
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upper part of the suction chamber (region p), the negative pressure gradually decreased,
forming a gradient, as observed in Figure 9. However, near the suction chamber’s exit where
the negative pressure suddenly increased, there was a decrease in negative pressure as the
airflow accelerated and converged toward the exit. This phenomenon was accompanied by
an increase in airflow velocity. Near the exit, the airflow converged and resulted in higher
airflow velocity values, as shown in Figure 11ef.

0.006400  5.45+00 10901  Loder0l  2.15¢+01 27301  3.276+01 3520401 4366501  4.91es01 5450401

Figure 10. Velocity contour map of suction chamber YZ cross-section. (a) H = 550 mm;
(b) H =450 mm; (c) H = 500 mm; (d) H = 600 mm; (e) H = 650 mm.

1.49e-01  7.22e+00  1.43e+01  2.14e+01  2.84e+01  3.55e+01  4.26e+01  4.97e+01  5.67e+01  6.38e+01  7.09¢+01

Velocity! (mus)

Figure 11. Velocity vector map of suction chamber YZ cross-section.

Figure 10 reveals that the airflow velocity in the vertical region of the suction chamber
(v) has higher values compared to the side regions (u, w), forming a distinct boundary.
A prominent feature was the red-colored high-speed airflow column, which can be approx-
imated as a vertical suction chamber with airflow velocities exceeding 50 m/s. This high
airflow velocity suggests that the straw should be transported relatively uniformly in this
section. The reason for this phenomenon was that the airflow gathered toward the exit as it
moved upward. In contrast, the airflow velocities in regions u and w were lower due to
collisions with the suction chamber walls. Some of the airflow in the u; and wj regions
collided with the chamber walls and then recirculated, resulting in a relatively smaller
decrease in airflow velocity. As shown in Figure 12, the airflow velocity near the ground
in the central area was the lowest, with values ranging from 7 m/s to 10 m/s, slightly
below the suspension velocity of the straw. This indicates that it may not be favorable
for the intake of straw in the central position of the test area. However, excluding the
central area, the peripheral areas of the suction chamber expansion met the requirement of
having airflow velocities greater than the suspension velocity of the straw, ensuring that
the majority of the straw was drawn in.
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Figure 12. Velocity profile of near-ground airflow at the suction chamber inlet.

Table 3 summarizes the data and Figure 13 shows the results of various height indica-
tors. It can be observed that as the height (H) increases, the slope (6) also increases, with
an increase of approximately 2° for every 50 mm increase in height. The values of vj, v,,
v, and 7y initially increased and then decreased as H increased. The percentage increases
for 0j, Vo, Um, and vy were 7.79%, 6.25%, —3.27%, —4.25%, 0.98%, 0.5%, —2.43%, —3.52%,
8.63%, —3.97%, —1.37%, and —4.49%, respectively. Overall, the change in slope resulted
in minimal fluctuations in v, and vy, and moderate fluctuations in vj and v,. Among
these indicators, vj, Vo, and <y reached their peaks at H = 550 mm, while v, peaked at
H = 500 mm. This indicates that excessively large or small slopes results in poor straw
transport efficiency. A lower height (H) and smaller slope () caused the airflow to rise
more slowly along the chamber wall, leading to more collisions with the wall and a
higher collision frequency. Conversely, a higher height (H) and larger slope () resulted in
greater energy consumption for airflow transport. Therefore, from the velocity gradient in
Figure 10a—e, it can be inferred that H = 600 mm had the smallest velocity peak. The stacked
bar chart in Figure 14 shows that the optimal range for suction chamber height was between
500 mm and 600 mm.

Table 3. Single-factor experimental results for suction chamber height.

H/mm 0/° vj/m-s~1 vo/m-s~1 Um/m-s—1 Yv
450 56.31 7.649131 33.75902 16.8003 0.620519
500 59.09 8.235612 34.09176 18.25027 0.637646
550 61.35 8.751184 34.10965 17.52553 0.674940
600 63.43 8.465665 33.28181 17.50163 0.640138
650 65.26 8.106235 32.11111 16.71404 0.627712
—m—y
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Figure 13. Results of various height indicators for the suction chamber.
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Figure 14. Stacked bar chart of various height indicators for the suction chamber.

3.3. Results and Analysis of Orthogonal Rotation Experiments

A variance analysis of the orthogonal experimental results is presented in Table 4. The
results indicate that the regression models for vj, vo, and v are highly significant (p < 0.01),
while the regression model for 7y is not significant. This suggests that changes in the main
factors have little impact on the uniformity of airflow in the suction chamber, so this factor
was excluded from further consideration. The diameter of the straw outlet and the negative
pressure at the outlet had a highly significant impact on the three indicators v}, v, and vm.
The vertical height of the suction chamber also had a significant impact on these three test
indicators. The order of importance of the various main factors on these three indicators
was vj, Uo, and vm. After removing the non-significant terms, the regression equations for
each factor concerning the indicators were as follows:

v = —0.206371 + 0.029020x; — 0.000727x; + 0.001393x3 (10)

v, = —1915.49652 4-15.30079x1 4 1.41175x, + 0.054322x

11
—0.001031x3 — 8.46191 x 10~ 6x3 h

v = 134.73688 — 3.95186x; + 0.883007x, + 0.012654x3
—0.002729x1x2 — 2.5 x 10 °xx3 + 0.013649x7 — 0.000252x3 (12)
—1.25940 x 10763

A lack-of-fit test was performed on the above regression equations to demonstrate
that there was no significant quadratic relationship (p > 0.05) between other factors and the
test indicators.

As shown in Equation (10), the software recommended a multivariate linear regression
equation for near-ground airflow velocity (vj). This equation intuitively showed that within
the range of experimental data, the near-ground airflow velocity was directly proportional
to the straw outlet diameter and the negative pressure at the outlet, while it was inversely
proportional to the vertical height of the suction chamber. This is because a greater negative
pressure leads to greater suction, which aids ground-level airflow, and a higher suction
chamber height increases the distance traveled from the top of the suction chamber to the
ground, resulting in more energy loss and pressure drop.
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Table 4. Variance analysis results for simulation experiments.
Test Index Source Sum of df Mean F-Value p-Value
Squares Square
Model 4.06 3 1.35 62.16 <0.0001
X1 0.1684 1 0.1684 7.74 0.0179
o X2 0.0106 1 0.0106 0.4856 0.5004
X3 3.88 1 3.88 178.25 <0.0001
Residual 0.2394 11 0.0218
Lack of Fit 0.1874 9 0.0208 0.8007 0.6679
Model 87.05 9 9.67 7.70 0.0184
X1 1.42 1 1.42 1.13 0.3362
X2 4.30 1 4.30 3.42 0.1234
- X3 41.22 1 41.22 32.82 0.0023
X2 24.54 1 24.54 19.54 0.0069
X32 16.52 1 16.52 13.15 0.0151
Residual 6.28 5 1.26
Lack of Fit 6.05 3 2.02 17.84 0.0536
Model 18.96 9 211 128.11 <0.0001
X1 0.3846 1 0.3846 23.38 0.0047
X2 0.0773 1 0.0773 4.70 0.0824
Xz 12.61 1 12.61 766.90 <0.0001
X1 Xo 1.86 1 1.86 113.18 0.0001
Um X2 X3 1.59 1 1.59 96.63 0.0002
X;2 0.4299 1 0.4299 26.14 0.0037
Xp? 1.47 1 1.47 89.12 0.0002
X532 0.3660 1 0.3660 22.25 0.0053
Residual 0.0822 5 0.0164
Lack of Fit 0.0766 3 0.0255 9.10 0.1006
YTy Model 0.0214 9 0.0024 1.24 0.4274

Further analysis of v, and vy, related experimental data was conducted to obtain
significant interaction response surfaces, as shown in Figure 15, and to analyze them.
As illustrated in Figure 15a,d, when the negative pressure was —3500 Pa, the maximum
values of v, and vy, occurred between H values of 500 and 550 mm, which aligns with
the results from the single-factor optimization experiments in Section 2.4.3. As shown in
Figure 15b,c, when the straw outlet diameter was 195 mm, both the straw outlet airflow
velocity and YZ longitudinal section airflow velocity were positively correlated with the
outlet negative pressure. This indicates that vj, v,, and v, are all positively related to the
outlet negative pressure, meaning that higher negative pressure is more advantageous for
straw transportation. As depicted in Figure 15d, when the negative pressure was —3500 Pa,
uvm was positively correlated with the straw outlet diameter. The reason for this might be
that with a larger straw outlet diameter, there was a greater angle between the straw outlet
horizontal plane and the chamber surface, which buffered the collision of the airflow with
the chamber surface and helped reduce airflow pressure loss.

The experimental indicators were optimized using Design-Expert 12.0.1.0 software
to obtain the best combination of suction chamber parameters. It was found that to
achieve the best indicators, the negative pressure at the straw outlet should be maximized.
However, it may not always be possible to reach the simulated fan total pressure value of
—3500 Pa during actual operation. To measure the static pressure at the outlet of the air
duct with diameters of 190 mm and 200 mm at maximum speed of 2900 r/min, a model
JY3000 air velocity and air pressure tester was used. The results showed that the average
static pressure ranged from —2750 Pa to —2900 Pa.
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Figure 15. Bifactorial response surface. (a) v, = f(x1, X2, 500); (b) v, = f (195, X2, X3); (€) vm =f (195, Xp,
x3); (d) vm = f (X1, X2, 3500).

Considering the actual operational requirements of the straw collection unit, the
objective function and constraints were selected as follows:

maxoj(xq, X2, X3)

maxv, (x1, X2, X3)

maxovp (X1, X2, X3)

maxyy (X1, X2, X3) (13)
190 mm < x7 < 200 mm

500 mm < xp < 600 mm

—2900 Pa < x3 < —2500 Pa

The optimal parameter combination was obtained as follows: straw outlet diameter of
200 mm, suction chamber vertical height of 536.02 mm, and straw outlet negative pressure
of —2900 Pa. The optimized values for the indicators were 0;=9.25m /s, o =38.80m/s,
Um =19.14 m/s, and -y, = 0.66.

To validate the reliability of the optimization results, simulations and bench validation
experiments were conducted using the optimal parameter combination. In the experiments,
the following parameters were set: the straw outlet diameter was 200 mm, the vertical
height of the suction chamber was rounded to 536 mm for ease of manufacturing, the
bottom diameter was 800 mm, resulting in a slope angle (9) of 60.77°, and the straw outlet
negative pressure was set at —2900 Pa.

The simulation test results were as follows: v = 9.238 m /s, vo = 35.71 m/s,
um = 17.79 m/s, v, = 0.61, and as shown in Figure 16, the lowest velocity in the mid-
dle region of near-ground airflow was approximately 12 m/s, which met the suspension
velocity requirement for straw. Therefore, there was no problem with the straw initiation
at the bottom of the optimized suction chamber. As shown in Figure 17, the minimum
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negative pressure at the bottom of the optimized suction chamber in the green area was
approximately —1500 Pa, which was significantly improved compared to the —1360 Pa
in Figure 8. As shown in Figure 18, the maximum airflow velocity after optimization
was approximately 57.6 m/s, which was greater than the maximum value obtained in the
single-factor test shown in Figure 10.

Suction chamber

------------------- L‘;\ 12m/s -

0 . : ; . .

-0.4 -0.2 0.0 0.2 0.4 0.6

Position (m)

Figure 16. Curve chart of near-ground airflow velocity at suction chamber inlet after optimization.
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Figure 17. Static pressure contour plot on YZ vertical section after optimization.
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Figure 18. Velocity contour plot on YZ vertical section of the suction chamber after optimization.

3.4. Results of the Straw Suction Unit Test on the Bench Test

The inverter was used to adjust the fan speed to the maximum value of 2900 r/min.
In the bench test of the apparatus shown in Figure 8, the results obtained from the wind
speed, air volume, and air pressure measurements with the testing instrument were as
follows: 0 =9.03 m/s and v, = 34.27 m/s, with an error of less than 5% compared to the
simulation data.

For the average longitudinal section airflow velocity, difficulties in accurate mea-
surement were encountered during the actual experiment, resulting in lower accuracy.
However, based on the small error between the measured vj and v, and the simulation
data, and considering the experiment’s use of approximately 1.3 kg of straw spread on flat
ground, the results indicated that these straw samples could be successfully suctioned into
the collection bag, demonstrating that the optimization results met the basic requirements
of the suction unit. The suction cavity is a complex three-dimensional structure, which
causes non-uniformity in the air flow and flow velocity gradient. As a result, it is difficult
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to find a suitable measurement point in the cavity to obtain a representative average ve-
locity value v,,. Although there are advanced measurement technologies, such as laser
Doppler velocimetry (LDV) and particle image velocimetry (PIV), which can measure
airflow in three dimensions, they require expensive equipment and expertise [53-57]. In
summary, accurate measurement of v, and -y, becomes complex and challenging due to
the interaction of factors, such as the complexity of the flow structure in the suction cavity,
non-uniformity, velocity gradient, measurement point selection, and complexity of the
measurement technology. Therefore, it was not possible to accurately measure v;, and v,
in this bench test. Verification of these parameters will occur in subsequent simulations
and field tests. Comprehensive straw suction efficiency will be used as the benchmark
for validation.

4. Conclusions

This study presented the design of a machine that detects the weight of straw cover.
The operational process of the device was explained in detail. The study focused on the
core component, the straw suction unit, and described its structure and working principles.
An analysis of the movement and forces acting on straw within the suction chamber was
conducted, identifying the factors that influence the efficiency of straw suction. These
factors include suction chamber structural parameters and transport pressure.

In order to design the straw suction unit, the key components were considered based
on the straw stem suspension velocity range of 5.081 m/s to 11.813 m/s. This allowed
for calculations of the wind duct diameter, suction chamber structure, and fan selection.
The wind duct diameter was approximated as 0.2 m. As a result, the 06-46 3.6A model
centrifugal fan was chosen for the experiments.

A model of a suction chamber was constructed and several pre-experiments were
conducted. CFD single-factor optimization simulations and orthogonal rotation combi-
nation tests were used to determine the optimal parameter combination for achieving
the best straw transport effect. The results of the study showed that the ideal parameter
combination consisted of an outlet diameter of 200 mm, an outlet negative pressure of
—2900 Pa, and a suction chamber vertical height of 536.02 mm. Under these conditions, the
velocity of the near-ground airflow v; was 9.25 m/s, the outlet velocity v, was 38.80 m/s,
and the longitudinal section airflow velocity vy, was 19.14 m/s, with a velocity uniformity
index 7y of 0.66.

Based on simulation tests and bench verification tests, it was found that when setting
the fan to a maximum working speed of 2900 r/min, the optimal suction unit parameters
were an outlet diameter of 200 mm, a suction chamber vertical height of 536 mm, a base
diameter of 800 mm, and a slope of 60.77°. This optimization resulted in v; = 9.03 m/s and
Vo = 34.27 m/s, which met the basic requirements for the straw suction unit.

These findings provide fundamental parameters and references for the further op-
timization of the straw cover weight detection machine’s straw suction unit. This study
only analyzed the straw suction unit theoretically and experimentally on a single object of
straw. However, it did not take into account factors such as soil and impurities. In order
to improve the accuracy of the straw coverage detection machine, further research should
be conducted on how to reduce the suction rate of soil and impurities while ensuring the
straw suction rate.
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