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To solve the problems of higher energy consumption and lower intelligence of traditional
hard hose travelers, a new hard hose traveler with the function of electric drive and self-
propelled is developed in this paper. The operational energy consumption of a reel and a
polyethylene tube is an important part of hard-hose traveler energy consumption. In this
paper, based on the JP50-180 hard hose traveler, the required pulling force and energy
consumption at the reel and tube operation are theoretically and experimentally obtained.
The aforementioned provides support for reducing energy consumption in the future. The
influencing factor that affects the energy consumption of the reel rotation is the tube length,
and the influencing factors that affect the energy consumption of the tube sliding are the
ground slope, soil moisture content, and tube length. A calculation model for the dynamic
change of the pulling force and energy consumption of the reel and tube operation is
proposed in this study. Through theoretical analysis, maximum pulling tension and
cumulative energy consumption requirements for the for reel rotation are 278.6 N and
15120.883 J, respectively. Furthermore, the requirements for the tube sliding are 1372.86 N
and 123,456.96 J. Through test analysis, the maximum pulling tension for the tube sliding
is between 1258.3 N and 1773.3 N, while the maximum pulling tension for reel rotation is
285.05 N. Under the same influencing factors, the deviation rates between theoretical and
testable energy consumption for the reel rotation and tube sliding are 2.3 and 8.3%,
respectively. The pulling force and cumulative energy consumption required for the reel
rotation and tube sliding both increase with an increase in their influencing factors. The
operating costs of the tube one-time unrolled are approximately 0.0185 CNY. Combined
with the mobile resistance of the electric tracked vehicle, the power configuration of this
new hard hose traveler is provided by two servo motors with a power of 5500 W each.

Keywords: hard hose traveler, reel rotation, polyethylene tube sliding, energy consumption, soil moisture content,
power configuration

INTRODUCTION

The traditional hard hose traveler is a continuous mobile irrigation machine (Ge, 2018), that is driven
by a water turbine and has the highest energy consumption of all irrigation machines (Keller and
Bliesner, 1990; Burt et al., 1999). Its operational energy consumption is mainly composed of the
driving energy consumption, sprinkler irrigation energy consumption (Rochester and Hackwell,
1991), pressure loss in the polyethylene tube (Rochester et al., 1990; Tang et al, 2017). Under typical
working conditions, it is found that the former two account for 7-12% and 50-70% of 'operational
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energy consumption, respectively. The latter approximately
accounts for 18-43% of energy consumption (Oakes and
Rochester, 1980). The driving energy is mainly consumed by
the water turbine, gearbox transmission, reel rotation, friction
between polyethylene tube and the ground and friction between
the irrigation cart and the ground (Ge, 2018), which has a lower
energy conversion efficiency (Li et al., 2019). Both numerical
simulation (Biolan et al., 2012) and actual measurement (Tang Y
et al, 2014; Yuan et al, 2014) results showed that the energy
conversion efficiency of the water turbine is only 1.5-20.0%.
Although the driving energy consumption accounts for a
relatively lower proportion of the operating energy
consumption of traditional hard hose travelers, the long-term
operating costs are affected by the driving energy consumption of
the water turbine (Ge et al, 2020). Therefore, studying the
reduction of driving energy consumption is still a significant
for the hard hose traveler.

In addition to the water turbine driven by the traditional hard
hose traveler, electric motors (Yang, et al., 2018) and hydraulic
motors (Pan, 2019) can also be used. Among them, the highest
energy conversion efficiency is obtained for driven electric
motors. The driving efficiency of ordinary motors is generally
70-80%. However, brushless DC motors can reach more than
80% of energy through batteries or solar energy (Tang et al,
2018). To directly reduce operating costs, energy consumption
should be lowered. In addition, achieving the applicability of the
hard hose traveler in a variety of fields (such as mountain slopes
and small and medium-sized irregular fields) and more
application functions (such as fertilization, spraying and short
distance transport) is also an effective way. In other words, a
variety of agricultural machinery or more models of the hard hose
traveler can be used to reduce early purchasing costs.
Consequently, a design concept of the new hard hose traveler
is proposed in this paper. Within the model, the electric tracked
vehicle is used to load the sprinkler for irrigation. Moreover, part
of the structural design and the principle of retracting and placing
polyethylene tubes are based on the traditional hard hose traveler.
The electric tracked vehicle is characterized by fiercer climbing
and more flexible maneuvering. The aforementioned could solve
the irrigation problems of the sloping field mountain area and
irregular fields. Moreover, it could improve the applicability of
the hard hose traveler in a variety of fields. In addition, the electric
tracked vehicle could also achieve multi-functional applications
of fruit and vegetable management in the greenhouse (Cui et al.,
2019; Xu et al., 2022), picking (Zhang, 2016), and short distance
transport (Li, 2018).

In this paper, to reduce the energy consumption of traditional
hard hose traveler and develop a new hard hose traveler,
exploring the energy consumption of reel and polyethylene
tube operation is one of the key parameters. This is of
particular importance since not many investigations exist on
the topic. Currently, the study on energy consumption of
traditional hard hose travelers is mainly focused on the
pressure loss in the tube. Under the wound state of the tube,
the additional value of the pressure loss is shown in Eq. 1
(Rochester et al., 1990). Within a certain flow range, the
pressure loss of the curved polyethylene tube under a specific
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pipe diameter and different curvature radii were measured, and
the obtained specific law is shown in Eq. 2 (Zhang and Wang,
2005). Characteristics of secondary flow in the polyethylene tube
wound were numerically analyzed by multiple schemes. The
regression equation of the friction coefficient in the wound
tube was then established (Eq. 3) (Tang L et al,, 2014).

K,V?
by == (1)
9
hbzw = thQm (2)
0.07 r
fCT = W + 0.006 R_O (3)

where hy, is the additional value of the pressure loss in the tube,
mm; Kj, is the coefficient of the wound tube; V is the liquid flow
velocity in the tube, ms™'; g is the acceleration due to gravity,
m 8% My, is the pressure loss in the tube, mm; f;, is the coefficient
of the pressure loss in the tube; S is the length of the tube, m; Q is
the flow rate in the tube, m* h™'; m is the index of flow rate; for is
the friction coefficient in the wound tube; Re is Reynolds number
in the tube; 7 is the inner radius of the tube, mm; Ry, is the radius of
the reel, mm.

The energy consumption of reel rotation is affected by the
length of the tube and the friction coefficient between the
machines (Zhang et al,, 2015). The energy consumption of the
tube sliding is affected by factors such as the ground slope, soil
moisture content, and tube length (GB/T 21400.1- 2008, 2008).
The aforementioned two types of energy consumption are one of
the foundations of power configuration in the proposed hard hose
traveler. Moreover, power configuration is the core of electric
tracked vehicles (Fan, 2017). Therefore, energy consumption
analysis is a very important parameter for the design of a new
hard hose traveler.

In this paper, the required pulling force and energy
consumption of reel and polyethylene tube operation are
analyzed theoretically and experimentally. Furthermore, the
aforementioned is combined with the running energy
consumption of the electric tracked vehicle. Together, these
parameters represent a basis for power configuration design
and optimization of a new hard hose traveler.

COMPOSITION AND ENERGY
CONSUMPTION OF A NEW HARD HOSE
TRAVELER

Composition and Working Principle of a

New Hard Hose Traveler

The new hard hose traveler is based on the structure design of the
traditional hard hose traveler. Moreover, it is controlled and
operated by a remote terminal. Its structure mainly includes a
reel, polyethylene tube, electric tracked vehicle, sprinkler and
motor-gearbox system, as shown in Figure 1. The reel is used to
store the polyethylene tubes. The electric tracked vehicle is used
to pull out the tubes in the reel and load the sprinkler. The motor-
gearbox system is used to recycle the tubes, which are used to
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FIGURE 1 | Composition of new hard hose traveler and test method.

TABLE 1 | Factors and parameters.

Serial number Factors

1 The moving velocity of the sprinkl
2 Soil moisture content (%)

3 Ground slope (°)

4 Tube length (m)

Transmitter Receiver| »{ Signal processor
}'l'ransmitting/rccciving system ‘ Monitor
Electric cable o
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Soil

[Probe] (/AFPF\V

FIGURE 2 | The operating principle and Time-domain reflectometry
method.

replace the water turbine and turbine gearbox of the traditional
hard hose traveler. During the sprinkler irrigation operation, the
reel is stored at the water source, and an electric tracked vehicle is
located relatively far from the reel. Furthermore, the tubes are
pulled out to achieve mobile sprinkler irrigation. At the end of the
sprinkler irrigation operation, the tubes are separated from the
electric tracked vehicle. The motor-gearbox system rotates the
reel which recycles the tubes. Consequently, the electric tracked
vehicle is transferred to the next sprinkling point.

Energy Consumption Composition and

Influencing Factors

Energy consumption of a new hard hose traveler mainly consists of
driving energy consumption, sprinkler irrigation energy
consumption, and tube pressure loss. The driving energy
consumption is mainly the energy consumption of the electric
tracked vehicle and the operating energy consumption of the reel
as well as the tube. The power configuration of the electric tracked
vehicle is affected by the operation energy consumption of the reel
and the tube. Based on the JP50-180 model of a traditional hard hose

Parameters

er (mh™) 15, 20, 25, 30, 35, 40, 45, 50
20.8, 47.7, 70.3
0, 15, 30
10, 20, 30, 40, 50, ..., 170, 180

traveler, the operation process of the reel and the tube can be divided
into two dynamic processes: reel rotation and tube sliding. The tube
is unrolled during reel rotation, and the reel load is reduced. During
the sliding process of the tube, the unfolded length increases. The
pulling tension and energy consumption required for the reel and
tube operation are the total tension and total energy consumption.
When reel rotation or tube sliding is studied, the superimposed
energy consumption from the start to the end of the operation is
denoted as cumulative energy consumption of the reel rotation or
the tube sliding. The aforementioned is shown in Eqs 4, 5.

In this paper, the unfolded tube length is employed to represent
parameter x, which is related to the reel load change and modified
quality of the tube sliding. The friction coefficient between the tube
and the soil is designated as yi,, which mainly covers the soil surface
flatness and soil moisture content. Some influencing factors and
parameters are shown in Table 1. The tube is filled with water, and
the mobile velocity of the sprinkler, i.e., the velocity of the electric
tracked vehicle has no effect on the operation energy consumption of
the reel and the tube at a constant velocity, which is used as a
reference in this paper. In this paper, the soil moisture content is
referred to as the volumetric moisture content of the soil and is
measured by the Time Domain Reflectometry method, which is
shown in Figure 2. Here, 20.8% was the value before the new hard
hose traveler operation in the experiment. The remaining values
were the measured during sprinkler irrigation. The ground slope
represents the sprinkler angle as it moves upwards. During
theoretical analysis, the soil moisture content remains unchanged.
During experimental analysis, the ground slope remains unchanged.

W, = f(‘”vx) (4)
W3 = g(u,, x,0) ©)

where W; and W, are the accumulated energy consumption for reel
rotation and tube sliding, respectively, J; 4, is the constant friction
coefficient between the machines during rotation; 6 is the slope of the
ground, °.
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FIGURE 3 | The stacking method of the reel winding tube.

THEORETICAL ANALYSIS OF OPERATION
PULLING FORCE AND ENERGY
CONSUMPTION

Calculation Model

In this paper, the pulling tension and energy consumption are
analyzed through the calculation model. Changes in the operating
state of the new hard hose traveler are discussed. These changes
provide a basis for power configuration design. Based on the above-
provided information, four hypotheses are proposed: 1) During
unwinding of the reel wound tube, the reel is regarded as a cylindrical
rigid body. 2) When reel wound tube layers are changed, the
fluctuation process of the required pulling force is neglected. 3)
Under a specific working condition, it is assumed that the friction
coefficient between the reel and the tube is constant. 4) The
suspended length between the part of the tube close to the
ground and the winding part on the reel is assumed as negligible.

Reel Rotation

The winding method of the tube is shown in Figure 3. This method
is designated as 1 - n layers from the inside to the outside (the
number of tube layers is represented by n, which is a positive
integer). In this paper, the distance from the reel center line to the
circle point of the tube section is defined as the winding radius. Tube
circles are superimposed and three adjacent centers of tube circle are
connected to form equilateral triangles, as shown in Figure 3. By
combining the unloaded radius of the reel and the diameter of the
tube, the winding radius of the nth tube layer can be obtained
according to Eq. 6. This method is suitable for any type of traditional
hard hose traveler. The calculation method of the reel rotation angle
is shown in Eq. 7. The total length of the tube is represented by S, and
the length of the tube wound on the reel is designated as (S-x). When
the length of the reel tube wound is reduced, the pulling force
required for the reel to rotate at a constant speed is significantly
lowered, as shown in Eq. 8. Kinetic and cumulative energy
consumptions of the reel at a constant speed are shown in Eqs 9, 10.

d\/_d
oL

R, = (n-1) (6)
a, = 27Tx - anjn+1Ln+l %)
F, = .ng[mo + Ampg (S — x)] (8)
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T —FR —ylg[m0+AmpE(S x)]|:R0+d+\/—Z( _1)

)

W, = ZJ T,da

n=1

_ 277.“1.9 |:R0

L é+£2( _1)]J[m0+AmpE(S—x)]dx

n=2

(10)

where R, is the winding radius of the nth tube layer, m; R, is the
unloaded reel radius, m; d is the tube diameter, m; «,, is the rotation
angle of the nth tube layer of when the reel is unrolled, rad; i is the total
number of PE layers; j,,; is the total number of tube wounds at the
(n+1)-th layer of the reel; L, is the winding perimeter of each tube in
the nth layer, m; F) is the pulling force required for the reel to rotate at
a constant speed, N; 1, is the unloaded weight of the reel, kg; Ampg, is
the weight of a tube full of water per unit length, kgm™; T, is the
kinetic energy of the reel required to rotate at a constant speed, N m™".

Tube Sliding

The pulling force required for the tube to slide at a constant
ground velocity is gradually increased, as shown in Eq. 11. The
cumulative energy consumption of the tube required to slide at a
constant speed is shown by Eq. 12:

A
F, = 22Peg% (1)
cos 6
W, = Jdex - taMMPEg dex (12)
cos 0

where F, is the required pulling force for the tube to slide at a
constant ground velocity, N

Dynamic Total Energy Consumption of Reel Rotation
and Tube Sliding

Total dynamic pulling force F and operation total energy
consumption W of the reel and the tube are shown by Eqs 13,
14, respectively:

F=F, +F, =‘ulg[m0+AmpE(S—x)] +ﬂ2Ampng (13)
W =W, +W, = JTndoc + Jdex (14)

Model Parameters

The model JP50-180 of the traditional hard hose traveler is chosen in
this paper. The inner diameter, outer diameter, and tube length are
40 mm, 50 mm, and 180 m, respectively, while the weight of the reel
is 102 kg. The weight of 1 m of the waterless tube is measured by the
weighing method. Combined with the amount of water that can be
contained in the tube, the full water weight of the tube is
approximately 2.592 kg/m. Since most of the soil has a certain
viscosity and cannot be completely dried, it is assumed that the
soil moisture content under natural drying conditions is 20.7%. The
minimum friction coefficient between the tube and the soil is 0.3
(GB/T 21400.1-2008, 2008). Therefore, in this paper, the friction
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TABLE 2 | Reel and tube parameters.

Operation Energy Consumption Study

Number of Winding radius (m) Number of Winding circumference Total winding length (m) Deviation
tube layers winding turns per turn (m) Calculated value a Rate (%)
1 0.479 12.0 3.025 36.30 36.12 0.50
2 0.522 13.0 3.292 42.80 42.66 0.33
3 0.566 12.0 3.533 42.40 42.65 -0.59
4 0.609 13.0 3.846 50.00 49.74 0.52
5 0.652 Approximately 2.1 4.099 8.50 8.83 -3.74
Note: The deviation is calculated as [(a-b)/b]*100%.
200 16000
b 14000
150 - 12000
= ~10000
= - =
~ 100 | >~ 8000
Z r -
~ =
= | 6000
L 4000
L 2000
0 [ IR T TN W NN SR TN NN SN NN SN SN SN SN NN SN S S |
0 i)
0 50 100 150 200
¥ (m) 0 50 100 150 200
i x (m)
FIGURE 4 | The kinetic energy of reel rotation. FIGURE 5 | Accumulated energy consumption of reel rotation.

coefficient for a certain soil surface flatness and soil moisture content
of 20.7% is also 0.3. After removing the water turbine and turbine
gearbox of a traditional hard hose traveler, the friction coefficient of
the reel rotation is taken according to the general friction coefficient
of metal lubrication, i.e., 0.05. By measuring the circumference of the
unloaded reel, the radius is calculated as 0.454 m. After employing
Eq. 6, the remaining reel and tube parameters are shown in Table 2.
The difference between the calculated and the measured value of the
total winding length of each tube layer is not more than 0.4 m, and
the deviation rate is approximately equal to 0.5%. Therefore, the
calculation method according to Eq. 6 is more accurate. Hence, more
effective support for the calculation of the cumulative energy
consumption of the reel can be provided.

Calculation Results

During the operation process of the reel from the full load tube to the
no-load tube, according to Eq. 8, the function of the pulling force
required for the reel to rotate at a constant speed is shown in Eq. 15,
and its maximum value is 278.6 N. The change process of kinetic
energy calculation value of the reel rotation is shown in Figure 4. As
the tube length on the reel gradually decreases, the kinetic energy
demonstrates a stepped downward trend. This step is caused by the
tube switching the number of winding layers. Gradual step decrease
is mainly caused by the reduction of the wound tube quality.
Calculation of the cumulative energy consumption of reel
rotation is shown in Figure 5. The maximum value is obtained

as 15120.83 J. According to Eq. 10, the curve is divided into five
sections, and each segment is represented by a quadratic function.
Therefore, the curve is fitted into a quadratic function according to
Eq. 16 with a fitting coefficient of 0.998. As the expansion length of
the tube increases, the amount of cumulative energy consumption
change is gradually reduced reduce. The change parameters of
kinetic energy and accumulated energy consumption of the reel
are shown in Table 3.

F, = -1.2701x + 278.6 (15)
W, = —0.4533x7 + 160.94x + 643.3 (16)

During the tube pulling process, according to Eqs 11, 12, when 0 is
not substituted into a specific value, the functions of the required
pulling force and cumulative energy consumption of the tube are
shown in Eqs 17, 18, respectively. As previously demonstrated, with a
continuous increase of the ground slope from 0°, 15", and 30°, the
required tensile force, and energy consumption of the tube are also
increased. When the ground slope is 0°, maximum values of the
tensile force and maximum cumulative energy consumption are
1372.86 N and 123 456.96 ], respectively. The change process of
cumulative energy consumption for tube sliding is shown in Figure 6.

7.627
F, = X (17)
cos @
1
W, = —— (3.8104x% — 2.067 x 107x) (18)

cos 0
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TABLE 3 | Change parameters of reel energy consumption.

Number of The expanded length of the tube
tube layers (m)

5 0
1.7
3.4
5.1
6.8
8.5

4 8.5
18.5
28.5
38.5
48.5
58.5

3 58.5
66.98
75.46
83.94
92.42
100.9

2 100.9
109.46
118.02
126.58
135.14
143.7

1 143.7
150.96
168.22
165.48
172.74
180

140000
120000
100000

= 80000

K 60000

40000
20000

0 50 100 150 200
x (m)

FIGURE 6 | Cumulative energy consumption of tube sliding.

According to Eqs 17, 18, the dynamic function of the total
tensile force and total reel and tube energy consumption can be
determined. With an increase in the length of the pulled-out tube,
the required pulling force and accumulated energy consumption
for reel rotation are gradually reduced. Cumulative energy
consumption of reel rotation and tube sliding accounts for

Operation Energy Consumption Study

Kinetic energy Accumulated energy consumption (J)

(Nm™)

181.70 0
180.29 469.94
178.88 932.54
177.47 1,387.80
176.07 1,835.71
174.66 2,276.29
163.06 2,276.29
155.33 3,829.58
147.60 5,228.20
139.86 6,472.15
132.13 7,561.43
124.40 8,496.04
115.55 8,496.04
100.46 9,424.24
103.37 10,249.13
97.27 10,970.69
91.18 11,588.95
85.00 12,103.89
78.58 12,103.89
72.90 12,727.90
67.22 13,254.69
61.54 13,684.27
55.86 14,016.64
50.18 14,251.79
46.02 14,251.79
41.61 14,553.86
37.19 14,791.80
32.77 14,965.61
28.36 15,075.28
23.94 15,120.83

10.91 and 89.09% of the total energy consumption, respectively.
Moreover, tube sliding accounts for the highest proportion.

OPERATION PULLING FORCE AND
ENERGY CONSUMPTION TEST ANALYSIS

During the test, calculating energy consumption via pulling force is
the same as the calculation model. Therefore, the test research will
only focus on the pulling force. First, the pulling force of the tube
sliding is investigated. Second, the total pulling force of the reel and
tube operation is analyzed. By observing the difference between the
two, the pulling force of the reel rotation during the test is obtained.
The test assumes fixed soil surface flatness, and the effect of soil
moisture content and tube length on tube sliding will be considered.

Test Method
In this paper, the tube is pulled out by a small machine and moved

along a straight line. A measuring bucket, which is used to calibrate
the position of the tension meter and measure the pulling force, is
placed every 10 m from the reeling car. The test operation process of
the reel and the tube is shown in Figure 7. The test site is in Zibo
City, Shandong Province, China. The terrain is relatively flat, and the
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FIGURE 7 | The test process of dragging the tube with water.

ground slope is within +1°. Therefore, the default value is set as 0.
The pulling force of the tube is measured by a tension meter (a range
of 0.1-10 kN), and the data is acquired at multiple velocities and the
average value is taken. The schematic diagram of the test method is
shown in Figure 1. After the tube is filled with water, the valve is
closed and the pump is cut out. Lastly, the tension meter is connected
between the small machine and the tube.

During the test, due to the local unevenness of the field roads, the
soil of the field roads is leveled to improve the accuracy of the
measured pulling tension between the tube and the soil. The
aforementioned provides a reference for power configuration
design and future research. The soil surface flatness is measured
by the chain measurement method (Zhang et al., 2016), which is
shown in Figure 8. The calculation method of soil surface flatness is
shown in Eq. 19. Within the leveling method, the bumps are drawn,
filled with soil, and compacted by the movement of small machine,
repeatedly. The leveled soil surface is shown in Figure 9. The soil
surface flatness after treatment was 99.6%.

H
C= (1—#>x100% (19)

1

where C is soil surface flatness, %; H, is the length of chain, m; H,
is the length of a tape measure when the chain is relatively close to
the measured soil, m.

Tape measure

FIGURE 9 | The leveled soil surface.

Tube Sliding

The test was carried out on a road with three soil moisture
contents. An 18 m closed tube with water is pulled by a motor at a
constant speed. The weight of an 18 m tube with water per unit
length is 443.6 N. A tension meter with a range of 0-500 N and an
accuracy of 0.1 N pulls the tube at a constant speed, and the
average value of multiple measurements is taken. The friction
data of different soil moisture contents are shown in Table 4,
while the friction coefficient between the tube and the ground is
shown in Eq. 20.

FI
= m,g

Uy (20)
Where F' is the average value of friction for 18 m tube, N; m " is
the quality of 18 m tube with water, kg.

According to Table 4, with an increase in the soil moisture
content, the friction coefficient between the tube and the soil
increases. The coefficient value is approximately in the range of
0.275-0.388. After proportional conversion, the minimum and
maximum friction force between the 180 m tube and the soil is
12583 N and 1773.3 N, respectively. Therefore, the required
pulling force and energy consumption for tube sliding increase
with an increase in the soil moisture content.

Reel and Tube Operation

During reel and tube operation, the linear relationship between the
unfolded tube length and the average value of the total pulling force
is shown in Figure 10. The fitting equation and fitting coefficient R*
of each soil moisture contents are shown in Eq. 21 and Table 5,
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TABLE 4 | Friction data of different soil moisture contents.

Soil moisture
content (%)

The average value of friction of
18 m tube (N)

20.8 125.8 0.275
47.7 148.7 0.325
70.3 177.3 0.388
2000
[ —®—20.80% —0— 47.70% 70.30%
1500 F
o [
~1000 F
e, L
500 F
0 1 1 1 a 1 2 2 J
0 50 100 150 200
x (m)
FIGURE 10 | The total pulling force of the reel and the tube.

respectively. It can be observed that the combined effect is the most
optimal. With an increase in the soil moisture content, the total
pulling force and the slope of the fitted curve are both increased. As
the length of the expanded tube increases, the total pulling force
increases linearly. As the soil moisture content becomes higher and
the length of the tube increases, the superposition of dual factors
causes the cumulative amount of the total pulling force to
continuously increase. Therefore, the slope of the fitting curve
gradually increases. The maximum pulling forces of three types
of soil moisture contents are 1280.73, 1532.49, and 182824 N,
respectively.

U(x)=Dx+E (21)

where U(x) is the universal pulling force which represents the
operation pulling force of the reel and the tube or the pulling force
required for the reel rotation, N; Parameters D and E are the
equation coefficients.

According to the conducted pulling force analysis, when the
reel is fully loaded with the tube, the maximum pulling force of
the reel rotating at a constant speed is 317.17, 264.98, and
272.99 N, respectively, and the average value is 285.02 N. The
equation coefficients are also shown in Table 5.

DISCUSSION

Comparison of Theoretical and

Experimental Analysis
Since the weight of the reel in a fully loaded tube is 548.58 kg, the
theoretical and tested values of the maximum reel rotation pulling

The friction coefficient between
the tube and the ground

Operation Energy Consumption Study

The friction force between a 180 m tube and the ground (N)

1258.3
1487.5
1773.3

force are 278.6 and 285.02 N, respectively. The deviation rate of
the pulling force is 2.3%. The deviation rate equation is shown in
Eq. 22.

(F'y - F,)

x 100% (22)

b=
where p; is the deviation rate of the reel rotation pulling force, %;
Fy’ is the tested value of the reel rotation pulling force, N.
When the soil moisture content and flatness are 20.7 and
99.6%, respectively, and the tube is dragged, the pulling force and
the friction coefficient are 1258.3 N and 0.275, respectively. These
values deviate from theoretical ones by 8.3%. The calculation
equation is shown in Eq. 23. The friction coefficients of other soil
moisture content are 0.325 and 0.388, respectively. These values
belong to the category of the national standard regarding friction
coefficient reference range of 0.3-1.0. Therefore, the measured
friction coefficient between the tube and the soil in the test is
more reliable.

’

(F2 -F,

= ) x 100% (23)

2
where p, is the deviation rate of the tube sliding pulling force, %;
F,' is the tested value of the tube sliding pulling force, N.

Analysis of the Tube One-Time Unrolled

Time and Operating Costs
The operating costs of the one-time unrolled tube are one of the
key parameters of the traditional or new hard hose travelers.
During the unwinding of the tube, the reel rotates. By combining
the parameters of the moving velocity of the sprinkler and the
tube length, the one-time unrolled tube time is shown in Table 6.
Since the energy consumption of expanding the tube is not
affected by the moving velocity of the sprinkler, the longer it
takes to expand the tube, the higher are the operating costs. When
the new hard hose traveler is designed, under the condition that
the same precipitation depth is met, shortening of the one-time
unrolled tube time is beneficial to reducing expenses. Chinese
electric power transmission and distribution for well-facilitated
farmland construction is taken as an example. Under certain
conditions, when the maximum cumulative energy consumption
of the unrolled tube is 123456.96 ], its operating cost is 0.0185
CNY, as shown in Table 7.

According to the presented data, the energy consumption of
the new hard hose traveler can be reduced by increasing the
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TABLE 5 | Coefficient of the fitting equation for the reel and the tube.

Soil moisture
content (%)

The operation pulling force of reel and tube

Operation Energy Consumption Study

Pulling force required for
reel rotation

D E R2 D E

20.8 5.8567 272.99 0.9963 -1.1334 272.99
47.7 7.0974 264.98 0.9984 -1.1665 264.98
70.3 8.4111 31717 0.9991 -1.4496 317.17
TABLE 6 | The one-time unrolled tube time.
The moving velocity of the sprinkler (m h™) 15 20 25 30 35 40 45 50
The tube one-time unrolled time (h) 12.00 9.00 7.20 6.00 514 4.50 4.00 3.60
TABLE 7 | The operating costs of the one-time unrolled tube.
Project Parameters
Conditions of the unrolled tube Ground slope (°) o

Soil moisture content (%) 20.8%

Tube length (m) 180
Electric power transmission and distribution AC voltage level (kV) <1

Unit price (CNY) 0.54
Total price (CNY) 0.0185

moving velocity of the sprinkler (i.e., the moving velocity of the
tube) and reducing the driving mechanism energy consumption
of the sprinkler radial movement. Thus, the operating costs will
be reduced.

Power Configuration

Design Scheme of an Electric Tracked Vehicle

The power configuration of an electric tracked vehicle is the
power source for the reel and tube operation of a new hard hose
traveler. Since the maximum friction coefficient between the tube
and the soil is 1.0 (GB/T 21400.1-2008, 2008), the electric tracked
vehicle needs to overcome a frictional force between the reel and
the tube of approximately 4851 N (Eq. 13). Performance design
parameters of the electric tracked vehicle are shown in Table 8.
Considering the operation start and some accidental factors, the
external pulling force that has to be overcome is set to 6500 N. To
achieve remote control of new hard hose traveler and more
flexible anti-friction ability, the rubber crawler chassis is
driven by the battery power supply and an AC380V servo
motor. Power configuration plays a decisive role in
overcoming the resistance of the electric tracked vehicle, as
well as operation resistance between the reel and the tube.
Resistance of the electric tracked vehicle is divided into
operation resistance and internal rolling friction resistance.
The sprinkler gear and the transfer gear are set for the
sprinkler irrigation operation and the transformation of the
new hard hose traveler.

Motor Power Selection
Driving resistance includes rolling friction of the crawler and the
soil, adhesion, and slant downward static friction. All of them are
caused by driving straight, turning, side-slip, and climbing the
slope upward of the crawler. The coefficients of rolling friction
and adhesion of electric tracked vehicles in normal operation on
the soil are 0.07 and 1.0, respectively (Chen and Gu, 1965). The
internal rolling friction resistance mainly includes the meshing
friction between the driving wheel and the crawler and the rolling
friction between the guide wheel and the crawler. The friction
coefficient is generally between 0.05 and 0.07 (Chen and Gu,
1965). Therefore, the mean value of 0.06 is taken in this paper.
The AC380V servo motor has three times the overload
capacity than the rated power and some overload time. During
sprinkler irrigation operation and transfer, possible extreme
operating states of new hard hose traveler electric tracked
vehicles are divided into a long and short time. The friction
coefficient of various operating states is defined as 3 (including
the rolling friction between the crawler and the soil, and the
internal rolling friction of the electric tracked vehicle). The power
of these states is converted by Eq. 24 and shown in Table 9.

P - Fsv B usMgv
7 36001,7, 360077,

(24)

where P, is the limit power, W; Fj is the force that needs to be
overcome in various extreme states of the electric tracked vehicle, N;
vis the traveling speed of the electric tracked vehicle, m h™%; 7, is the
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TABLE 8 | Performance parameter design of electric tracked vehicle.

Design project External pulling Weight (kg)
force (N)
Parameters 6,500 1400

Operation Energy Consumption Study

Climbing ability () Speeds of Speed of
sprinkler gear transfer gear
(mh™) (mh™)
30 16/20/25/30/35/40/45/50 5,000

TABLE 9 | The extreme power of the new hard hose traveler in different operating states.

Work content of the new

Different extreme operating states

Extreme power (W)

hard hose traveler

Climbing 30° Speed (m h7™)
Short-term, sprinkler irrigation Yes 5,000
Short-term, transfer No 5,000
Long-term, sprinkler irrigation Yes 50
Long-term, transfer No 5,000

efficiency of the transmission device of the electric tracked vehicle
which is generally in the range of 0.95-0.98, i, it is taken as #; =
0.95 in this paper; M is the weight of the electric tracked vehicle, kg.

If the motor power reserve coefficient is selected as 1.2, the
maximum short-term and long-term limit power required of the
electric tracked vehicle is 30221.45 and 3476.80 W, respectively.
Since the electric tracked vehicle achieves normal movement and
steering via forward and reverse rotation of the two motors and
different speeds and reduces costs, when choosing two AC380V
servo motors with a power of 5500 W, all working requirements
of the electric tracked vehicle can be met.

CONCLUSION

In this paper, a new hard hose traveler with the function of electric
drive and self-propelled was developed to reduce the energy
consumption of traditional hard hose travelers and achieve
intelligent operation. The operational energy consumption of reel
and polyethylene tubes is an important part of the energy
consumption of the proposed hard hose traveler. Therefore, the
traditional JP50-180 reel sprinkler was selected. The required pulling
force and operation energy consumption of the reel and the tube
were theoretically and experimentally analyzed. A reasonable power
configuration of the new hard hose traveler was designed. The
following conclusions are drawn:

A calculation model for the dynamic change of the pulling force
and energy consumption of reel and tube operation was constructed.
The difference between the calculated and the measured values of the
total winding length of each tube layer was not more than 0.4 m,
with the deviation rate being approximately equal to 0.5%. The reel
was fully loaded to no-load tubes. The maximum value of the pulling
force and cumulative energy consumption of reel rotation were
278.6 N and 15 120.83 J, respectively. When the ground slope was 0°
and the friction coefficient between the tube and the soil was 0.3, the
maximum value of the pulling force and cumulative energy
consumption of the tube sliding were 1372.86N and

Turn Overcome pulling force
6,500 N
No Yes 24,599.74
Yes No 25,184.54
No Yes 246.00
No No 2,893.34

123 456.96 ], respectively. These values account for 10.91 and
89.09% of the total energy consumption, respectively. As the
length of the tube increased, the kinetic energy of reel rotation
showed a stepwise downward trend. Moreover, the pulling force and
cumulative energy consumption showed an upward trend in the
form of a quadratic function. With an increase in the ground slope,
the required pulling force and energy consumption of the tube were
also increased.

For three soil moisture contents of 20.8, 47.7, and 70.3%, the
friction coefficient of the drag tube was 0.275, 0.325, and 0.388,
respectively, and the maximum pulling force were 1258.3, 1487.5,
and 1773.3 N, respectively. The required pulling force and energy
consumption for tube sliding increased with an increase in the soil
moisture content. The maximum test value of the reel rotation was
285.05 N, and the deviation rate from the theoretical value was 2.3%.
When the soil surface had the same flatness and the soil moisture
content was 20.8%, the theoretical and experimental value of the
pulling force had a deviation rate of 8.3%. The operating costs of the
one-time unrolled tube are approximately 0.0185 CNY.

The conducted study shows that the required pulling force of
the reel and the tube under the working conditions of the new
hard hose traveler was 6500 N. The power configuration of the
electric tracked vehicle is the power source for the operation of
the hard hose traveler reel and the tube. The design plan and
power configuration were provided according to the working
mode of the electric tracked vehicle. The power of two AC380V
servo motors was 5500 W each.

The other energy consumption of the new hard hose traveler
and other parts design on electric tracked vehicle will be studied
in future works.
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