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WORKSPACE ANALYSIS OF A FLAME INTRA-ROW WEEDING ROBOT IN
VEGETABLE FIELD AND NUMERICAL SIMULATION OF PROPANE COMBUSTION
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ABSTRACT

A flame intra-row weeding robot, based on the Delta mechanism, was designed to solve the problems of high
labor intensity, low efficiency, easy-to-harm seedling and others. Simultaneously, the applicable robot
kinematics model was established. Moreover, the method of exhaustion enabled us to obtain the full-scale
robot workspace and analyze its smart workspace. When the nozzle diameter took different values, the
numerical simulation on the propane combustion process in the burner was performed by the Fluent
component transport model, analyzing the temperature distribution inside and out of the burner. The
experimental results showed that the flame intra-row weeding robot was required to work on the condition
that the radius of smart cylindrical space is @400 mmx359.8 mm — when the length of the driving arm is 300
mm, the length of the driven arm is 800 mm, the radius of the static platform is 150 mm and the radius of the
movable platform is 50 mm — the maximum temperature of propane flame reaches 1,830 K and the width of
the high temperature zone reaches 27 mm — when the nozzle diameter is 1.6 mm.
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INTRODUCTION

Vegetables are one of the basic food sources for human being, providing vitamins, dietary fiber and
minerals necessary for human health (Deng et al., 2018). China's vegetable production and consumption
both rank first in the world, but the mechanization of vegetable production is still in the initial stage (Xiao et
al., 2017). Easy-to-spread field weeds compete with crops for water, fertilizer and space, leading to a decline
in the vegetable production. Therefore, field weeding is an essential part for vegetable production. Field
weeds can be divided into the inter-row weeds and the intra-row weeds (Chen et al., 2015; Liu et al., 2017).
The traditional cultivating implement is mainly applicable to the inter-row weeds, or when the distance
between weeds and seedlings is relatively short, which requires a high demand in the weeding accuracy and
thus improves the difficulty of weeding. The manual or the chemical method is often applied to the common
weeding. The former is labor-intensive and low-efficiency, while the later reduces labor intensity but improves
the weeding efficiency. Nevertheless, a large amount of herbicides not only cause the eutrophication of water
bodies and the environmental pollution, but also lead to the pesticide residues in vegetables (Wu et al.,
2019; Wang et al., 2018). Therefore, it is of great significance and urgency to develop the intelligent intra-row
weeding device to improve the production efficiency and cut down on the use of pesticide in the context of
the aging of the agricultural population, the reduction of labor force and the increasing demand for the quality
of vegetable.
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Recently, researchers and scholars from various countries have done a lot of research on the
intelligent intra-row weeding for different crops under different production conditions. The relevant studies at
this stage mainly focus on the structure design, the recognition algorithm on the difference between weeds
and seedlings and other key technologies for the intra-row weeding and the end-effector. Hu Lian et al.
designed a claw-tooth intra-row weeding device that can kill weeds and get out of the way of seedlings by
controlling the trochoid motion of claw-tooth (Hu et al., 2012). Huang Xiaolong et al. optimized the design on
the end-effector and carried out the intra-row weeding robot experiment in vegetable field. The experiments
results proved that the weeding rate was 95.4% when the plant spacing was 350 mm (Huang et al., 2012).
The researchers also conducted the structural designs and had experiments on the intra-row weeding
devices for crops, such as rice, corn, soybeans and grapes (Jiang et al., 2020; Zhou et al., 2018; Han et al.,
2020; Reiser et al., 2019). Kumar Satya Prakash et al. presents development of a cost-effective mechatronic
prototype for intra-row weeding operation. Preliminary field evaluations showed this system to be effective for
intra-row weed (>65%) and plant damage control (<25%) (Kumar et al., 2020). For vegetable fields at the
seedling stage, it is natural that seedlings are weak and the grass is strong. The existing intra-row weeding
devices often kill weeds and get out of the way of seedlings by swinging or rotating weeding knives and
weeding teeth. Because the distance between weeds and vegetable seedlings is short, this method is easy
to harm the shallow root system of vegetable seedlings.

Some scholars tried physical methods to control weeds, such as electric, fire, microwave, steam and
others. Wang Jinwu et al. designed a water jet weeding device and carried out a bench test, whose
experiment results proved that the weeding rate is 90.62% when the water pressure of the device is 1.5 MPa
(Wang et al., 2021). A flame weeder was applied to the production of organic corns by Serbian scholar
Rajkovi¢ Milo$ (Rajkovic et al., 2021). Generally, by methods of electric, fire, microwave, steam and others, it
can reduce the damage to crop roots but can easily damage crop stems and leaves. Hence, it is urgent to
improve the weeding rate and precision but reduce the damage rate of seedlings (Raja et al., 2020a).

The Delta mechanism is featured with the fast speed and the high precision. Based on this advantage,
this paper designed a flame intra-row weeding robot in vegetable fields. It relied on the Delta mechanism and
took the burner as the end-effector and the propane as fuel. Equipped with the self-propelled high-clearance
platform and the Delta mechanism, it can meet the high-precision requirements of the intra-row weeding. The
analysis on the weeding robot workspace and the numerical simulation on the temperature distribution of
propane combustion flame by FLUENT confirmed that the Delta mechanism parameters and the burner
nozzle diameter meet the requirements of the intra-row flame weeding.

MATERIALS AND METHODS
Flame Weeding Operation Environment and Requirements

Field investigations and relevant literature (Trygve et al., 2018; Raja et al., 2020b; Kennedy et al., 2020)
inquiry enable us to know different vegetable cultivation modes, which help us determine the intra-row
weeding operation environment in vegetable fields. It requires that the plant spacing is 300~500 mm, the
plant height is 220~360 mm, and the row spacing is more than 200 mm. The flame weeding utilizes the fuel
to produce high-temperature flames and destroy the weed cells and tissues, causing them to quickly lose
water and die. The relevant studies indicate that the cytoderm of weeds will be destroyed when the flame
temperature reaches 100 °C (about 375 K), which can control the growth of weeds. However, there has been
a certain difference among and between different types of weeds and the same type of weeds at different
growth stages (Knezevic et al., 2014). In order to make the burner have a better effect on most of weeds, the
working temperature in the burner is above 600 K, namely the flame temperature is above 600 K. In addition
to the flame temperature, the flame form also has an effect on the weed control to reduce its effectiveness
and efficiency. The long and narrow flame can Kkill heat-sensitive weeds that grow in the vertical direction,
while the short and wide flame has a good effect on weeds that creep on the ground and have more growing
points to increase its weeding efficiency (Guan et al., 2019; Fu et al., 2016). On the whole, the flame width in
the high temperature zone should be above 25 mm in designing the burner. In addition, the flame weeding
should be performed in the condition of no wind or less wind, in which the wind speed is 0~0.2 m/s.

Structure and Principle of Flame Weeding Robot

The flame intra-row weeding robot is mainly composed of self-propelled high-clearance platform, Delta
mechanism, vision system, fuel tank, pressure gauge, hose, burner and so on. The Delta mechanism
includes mobile platform, driven arm, driving arm, motor and static platform.
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The schematic diagram of the field operation of the flame weeding robot is shown in Figure 1. The
Figure shows that L, represents the plant spacing and L, represents the row spacing.

1 9 5 4

Fig. 1 - The schematic diagram of the field operation of the flame weeding robot
1- self-propelled high-clearance platform; 2- vision system; 3- fuel tank; 4- pressure gauge; 5- hose; 6- burner;
7- mobile platform; 8- driven arm; 9- driving arm; 10- motor ; 11- static platform; 12-crop; 13-weeds

The Delta mechanism is fixed on the frame of the self-propelled high-clearance platform by the static
platform and the burner is fixed on the mobile platform. The burner is connected with the fuel tank fixed on
the frame through the hose. When the weeding robot is working, the walking wheels on both sides of the
self-propelled high-clearance platform respectively moved in adjacent crop rows, and the vision system
identify crops and weeds to direct the driving arms to place the burner at different positions, killing the weeds
and getting out of the way of seedlings.

Division of Intra-row Weeding Area

Vegetable seedlings divide the intra-row area into the intra-row weeding area and the protection area, as
shown in Figure 2(a). The circular area with a radius of | represents the protection area and the other circular
area with a diameter of (Li-2l) represents the intra-row weeding area. The weeding operation of the flame
weeding robot is composed of killing weeds and getting out of the way of seedlings. When the weeder is
working, the burner, located in the intra-row weeding area, sprays the flame at a position of h above the
ground. As shown in Figure 2(b), h is 50 mm. On the condition of getting out of the way of seedlings, the
burner extinguishes the flame and raises a certain height to cross the protection area and enter into the next
intra-row weeding area.
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Fig. 2 - Schematic diagram of division of intra-row weeding area

Due to the discontinuous intra-row weeding area, it is easy to miss the weeds or harm the seedlings.

Hence, the weeding rate and the damage rate of seedlings are two key indicators to measure the
effectiveness of intra-row weeding.
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The premise of increasing the weeding rate is that the end-effector, namely the burner workspace, can
cover the intra-row weeding area to reduce the miss rate, when the weeding robot stays at the intra-row
weeding area. To reduce the damage rate of seedlings simultaneously, the burner should be lifted above the
height of crops, when the weeding robot leaves the intra-row weeding to pass the protection area.

The Delta mechanism full-scale workspace has a bowl-shaped enveloping space. In practical
applications, it is generally applied to a cylindrical and smart workspace (Zhang et al., 2018). When the flame
weeding robot is working, the burner is located on the flat surface, that is, the target working platform of the
Delta mechanism and the bottom surface of the cylindrical smart workspace, at a position of h above the
ground. The diameter of the bottom surface is represented by D. To make the burner workspace cover the
intra-row weeding area, D should satisfy the formula (1). The maximum height that the burner can be lifted
from the target working platform, namely the height of the cylindrical smart workspace Hi, should satisfy the
formula (2) to help the burner cross the crops and successfully get out of the way of seedlings.

D= L;-2I 1)
Hi2 H-h 2)

To have a wider range, the plant spacing L: and the plant height H for the weeding robots are designed
to be the maximum values respectively, namely L1=500 mm and H=360 mm. Therefore, the bottom diameter
D of the cylindrical smart workspace should be equal to or greater than 400 mm and the H; should be
greater than 310mm to meet the operational requirements.

Kinematics Model of Delta Mechanism

The kinematic equation of the Delta mechanism should be established firstly, to obtain the workspace of
the weeding robot. The schematic diagram of the Delta mechanism is shown in Figure 3. A1A2As is the static
platform and C1C,C3is the mobile platform. AB; is the driving arm (i=1,2,3) and its length is presented by
Ly . The field angle between the driving arm and the static platform is marked by 6i. BiCiis the driven arm and
La represents its length. Taking the static platform center O as the origin of coordinate, establish the static
coordinate system O-XYZ and make sure that the Y axis is perpendicular to A1A,. Taking the mobile platform
center O' as the origin of coordinate, establish the static coordinate system. OA,represents the radius of the
static platform, and its length is R. O' Cirepresents the radius of the mobile platform and its length is r. The
included angle between OA;and the X axis is defined as n; .

Fig. 3 - Sketch of Delta mechanism

The origin O' of the mobile coordinate system is represented by (x,y, z) on the dynamic coordinate
system. In accordance with the geometric relationship, all parameters should satisfy the kinematic equation
(3) (Zhang et al., 2018):

[(R+L,sing —r)cosy —x|" +[(R+L,sing —r)siny, -y +[-L,cos0 -2 =2 (3
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Substitute #; into the equation (3) to obtain the equation set (4).

J3 e 2
{7(R+ L, sin Gl—r)—x} +{§(R+ L,sing,—r) - y} +[-L, cosel—z]2 =L
2 2
{—?(th L,sing, —r)—x} +E(R+ L,sing, —r)— y} +[-L, cos 6, —z]2 =12 @
X2 +[~(R+L,sing, —r)—y]’ +[-L, cos6,—z] =2
The parameters of Delta mechanism are shown in Table 1.
Table 1
The parameters of Delta mechanism
Symbol La/ mm Lp/ mm R/ mm r/mm m n2 n3
Values 800 300 150 50 30° 150° 90°

There are three equations in the equation set (4). The forward kinematics analysis is carried out to
obtain the workspace of the Delta mechanism. Taking the mobile platform center coordination (x, y, z) as
the unknown quantities, the mobile platform center coordination can be resolved when the given value of
each driving arm (81, 62, 63) is determined. Within the value range of 6, the set of points of the Delta
mechanism mobile platform can be obtained by the method of exhaustion (Liu et al., 2019; Zhang et al.,
2019). The set of points can be densified in the three-dimensional coordinate system to get the Delta
mechanism’s workspace.

Numerical Simulation of Propane Combustion

The burner, the key component of the flame weeding robot, is mainly composed of a base, a nozzle
and a burner tip, whose diagram of real products is shown in Figure 4(a). When it is working, the propane is
sprayed from the nozzle, which is mixed with air and burned in the burner. The burner tip diameter is
determined to be 30 mm and its length is 75 mm according to the structure and the size of weeding robot,
and its working environment. d represents the nozzle diameter and the two-dimensional model of burner is
shown in Figure 4(b).

OUTLET

15 mm

AXIS

c)

Fig. 4 - Burner model

The nozzle diameter directly affects the flame temperature distribution inside and out of the burner to further
influence the effectiveness of weeding. There are a variety of nozzles with different diameters on the market.
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To select the proper nozzle that is applicable to this weeder, the numerical simulation of propane combustion
is carried out by Fluent on two burners whose diameters d are 0.8 mm and 1.6 mm, respectively. The main
process is as follows. Firstly, the burner cross-section model is established by ANSYS ICEM CFD and is
divided by the gridding, which is shown in Figure 4(c). Read the gridding and set up the solver parameters on
the Fluent. Activate the option of Energy in the model settings (Tang et al., 2016). And then select the
standard k-epsilon model for the turbulence model. In the dialogue box of the compositional model, activate
the compositional transport and the option of the eddy-dissipation. Secondly, set up the boundary conditions
and make sure that the fuel inlet velocity is set as 2.5 m/s and the air inlet velocity is set as 0.2 m/s. Lastly,
the iterative computations is performed after the setting of iterative residual and the initialization of flow field.

RESULTS
Workspace Solutions and Analysis

The range of each field angle is determined to be 5°< 6i < 110° by the structure size of the flame
weeding robot. The method of exhaustion is performed to program and solve the equation, drafting the Delta
mechanism workspace in the three-dimensional coordinate system, as shown in Figure 5.
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Fig. 5 - Workspace of Delta mechanism

The full-scale workspace of the Delta mechanism is the three-dimensional space in the enveloping
surface, as shown in Figure 5 (a), and Figure 5 (b), (c) and (d) represent the projections of workspace on the
planes of XOY, YOZ and XOZ, respectively. It can be seen from Figure 5(b) that the minimum value of x is -
622.4 mm, the maximum value is 622.4 mm, the minimum value of y is -646.2 mm, and the maximum value
is 658.2 mm. It can be known from Figure 5(c) and 5(d) that the minimum value of z is -1089 mm and the
maximum value is -456.2 mm. The sectional view of XOZ plane is drawn by the full-scale workspace of the
Delta mechanism, as shown in Figure 6. It can be seen from Figure 6 that the smart workspace can satisfy
the formulas (1) and (2) simultaneously when its bottom surface diameter D is 400 mm and the height H; is
359.8 mm.
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Fig. 6 -Workspace section

Numerical Simulation Results and Analysis

The flame temperature distribution diagrams of two combust with nozzle diameters of 0.8 mm and 1.6
mm are shown in Figure 7 (a) and (b) by the numerical simulation of the propane combustion process. It can
be seen that the maximum flame temperature during the propane combustion is in or near the center of the
burner, and the maximum temperature is 1,830 K.
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a) d=0.8 mm b) d=1.6 mm
Fig. 7 - Temperature distribution inside burner

The CFD-Post module is utilized to have the post-process on the numerical simulation results to obtain
the stereoscopic render effects of the flame temperature distributions in two burners, as shown in Figure 8 (a)
and (b).

a) d=0.8 mm b) d=1.6 mm
Fig. 8 -The stereoscopic render effects of the flame temperature distribution

To accurately obtain the burner outlet temperature distribution, it needs to take the center of the burner
outlet as the starting point and draw a line segment that is perpendicular to the wall surface. Thus, the
changing curve is displayed when each temperature on the output line segment changes with different
positions. As shown in Figure 9 (a) and (b), the minimum scale value on the abscissa should be 0.5mm in
accordance with the distance between the abscissa representative point and the center of the burner outlet,
and the ordinate represents the temperature.
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Temperature distribution (d=0.8 mm) Temperature distribution (d=1.6 mm)
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Fig. 9 - Burner outlet temperature variation curve

Comparing with Figure 9(a) and (b), it can be seen that the maximum flame temperatures are close at
the outlets of two burners whose nozzle diameters are 0.8 mm and 1.6 mm, respectively. Owing to the
symmetrical temperature distribution in the burner outlet, it can be deducted that the flame widths are 21.5
mm and 27 mm respectively when the temperatures at those two outlets are above 600 K, namely when the
nozzle diameter is 1.6 mm, the burner outlet has a wider high temperature flame, which meets the
requirements of the flame weeding.

CONCLUSIONS

(1) Taking vegetable seedlings as research object, a flame intra-row weeding robot was designed in this
paper based on the Delta mechanism. The analysis on the workspace of the Delta mechanism shows that
the smart workspace meets the weeding requirements on the condition that the length of the driving arm is
300 mm, the length of the driven arm is 800 mm, the radius of the static platform is 150 mm, and the radius
of the mobile platform is 50 mm.

(2) The numerically simulation on the propane combustion process in the burner was performed by the
Fluent component transport model. When the nozzle diameter took different values, the analysis on the
temperature distribution inside and out of the burner showed that it meets the flame weeding technical
requirements on the condition that the nozzle diameter is 1.6 mm, the highest temperature is 1,830 K, and
the width of the high temperature zone is 27 mm.
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