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Abstract: In response to the problems of small working width and low operating efficiency of
existing hydraulic scouring lotus root harvesters, a wide-width hydraulic scouring system was
designed based on a wide-width self-propelled lotus root harvester. The main parameters of the key
components were determined through theoretical analysis of the water flow energy of the hydraulic
scouring system pipelines. An experimental study was also carried out on the main factors affecting
the working performance of this hydraulic scouring system. Through hydrodynamic simulation
tests, the effect of nozzle type and constriction section structure on the turbulence intensity at the
nozzle outlet and the pressure loss per unit mass of fluid between the nozzle inlet and outlet sections
were compared and analysed. The test yielded conical-cylindrical nozzle geometry parameters for
nozzle inlet diameter of 40 mm, shrinkage angle of 30◦, nozzle outlet straight section length of
20 mm, nozzle outlet diameter of 16 mm, the nozzle had better flushing performance. Single-factor
tests were carried out with nozzle outlet pressure, scouring angle and nozzle height from the mud
surface as influencing factors. Based on the optimum effective scour depth, a three-factor, three-level
Box–Behnken central combination design test was completed. The primary and secondary factors
affecting the effective scouring depth were obtained in the following order: nozzle height from
the mud surface, nozzle outlet pressure, and scouring angle. Finally, the performance test of the
hydraulic scouring system was completed. Results showed that when the nozzle outlet pressure
of 0.30 MPa, the scouring angle of 60◦ and the nozzle height from the mud surface of 0 mm, the
effective scouring depth was 395 mm, the lotus root floating rate was 90% and the damage rate was
5%, which meet the requirements of lotus root harvesting operations.

Keywords: lotus root; harvesting machinery; hydraulic scouring; nozzle; fluent

1. Introduction

Lotus root, a popular aquatic vegetable, is being grown in China year after year.
According to incomplete statistics, as of 2019, more than 60,000 hectares of lotus roots
were grown in Hubei province. Producing nearly 2000 Kg of lotus roots per 667 m2, the
lotus root industry has good economic benefits [1]. More and more lotus roots need to be
harvested in time. In the past, people usually used shovels to plough the soil on the surface
of the lotus roots to complete the harvest. On the other way, people with high-pressure
water guns use water jets to impact the soil above the lotus roots, causing them to float
upwards on their own buoyancy and complete the harvest. In both cases, the harvesting
method is labour intensive and inefficient [2–4]. The development of mechanised lotus
root harvesting is the way to solve the current situation of lotus root harvesting difficulties.

To reduce the labour intensity of lotus root harvesting, research institutions and
scholars at home and abroad have carried out a great number of researches on lotus root
harvesting machinery. Overseas, Japan developed three models of floating root diggers
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with high-pressure pumps around traction-type hydrodynamic scouring root diggers.
Because these root diggers move by a rope tow, so the mobility of this series of diggers
was so poor. And the difference between the large area planted with lotus roots in China
and the small plot planting in Japan, therefore they are not adapted to large-scale planting
operations in China [5]. In China, research on lotus root harvesting machinery at research
institutions such as Huazhong Agricultural University, Nanjing Agricultural University
and the Hefei University of Technology can be divided into two main categories: floating
root diggers and boat-type root diggers. Both types of lotus root harvesting machines use
high-pressure water jets to disperse the soil on the surface of the lotus root, which floats
upwards to achieve the purpose of lotus root harvesting. The floating root digger, with its
simple structure and small working width, is suitable for plot block lotus root harvesting
operations [6]. Boat root digger with paddy tractor as drive chassis. The water pump,
delivery line and nozzles make up the hydraulic flushing system, which is arranged on
the drive chassis. Usually, this type of machine has sufficient power and is fitted with
several nozzles, to improve operational efficiency. It is suitable for large-scale planting
and harvesting operations [7,8]. Currently, boat-type root diggers are developing in the
direction of a wide self-propelled type [9,10].

Both types of lotus root harvesting machinery mentioned above are hydro-scouring
types. In lotus root harvesting operations, if the water jet pressure is too low, the operation
will be inefficient. Conversely, if the water jet pressure is too high, the lotus roots will be
prone to breakage and damage and the energy consumption is high. The research and
application of hydraulic scouring systems at home and abroad concentrated in the field of
rock breaking. The cutting application of water jets was first introduced by Professor N
FRANZ in the USA in 1968 [11,12]. Borkowski et al. carried out research and discussion
on the mechanism of impact crushing of coal blocks, concrete and rock hard objects by
high-pressure water jets [13–16]. With the progress of technology, it is now widely used in
the field of material cutting, machine and agricultural product cleaning. Yin et al. studied
the application of high-pressure water jet technology to the field of material cutting [17].
Chen et al. designed robots for hull cleaning using high-pressure water jets [18]. Zhao
et al. used high-pressure water jet technology in the field of agricultural cleaning [19–21].
While less research has been done on the hydraulic scouring system for root diggers. Some
experts and scholars have studied the performance of jet nozzles and jet flow fields using
numerical analysis and simulation. Li et al. used CFD techniques to optimise the nozzle
type and structure and to simulate the flow field state within the nozzle flow [22–24]. Wang
et al. explored the structure of cavitation nozzles for bit small flow types [25,26]. They
focused mostly on cavitation nozzle research at small flows, with little research on high
flow hydraulic scouring systems.

The above researches show that the main problem facing the current lotus root industry
is the difficulty of harvesting lotus roots. Hydraulic flushing lotus root harvesting machines
meet the operational requirements of lotus root harvesting. However, the current lotus
root harvesting machinery has a small operating width and low operating efficiency. Less
research has been carried out on high-pressure water jets with high flow rates, and research
on hydraulic scouring systems for lotus root harvesters is essential. A proper hydraulic
flushing system is positive for an effective lotus root harvest.

In response to the needs of large field blocks of lotus root harvesting machinery, and to
improve the efficiency of root digging and reduce the internal energy loss of the hydraulic
flushing system, this paper designed a wide-span lotus root hydraulic flushing system
based on a wide-span self-propelled root digger. The key components of the system were
designed through theoretical calculations. The influence of nozzle geometry parameters on
the hydraulic scouring performance was investigated in detail through fluid simulation
analysis. Finally, performance tests were carried out on this hydraulic scouring system.
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2. Materials and Methods
2.1. Structure Design and Operation Principle

The wide-width root digger consists of a twin-screw drive chassis carrying a hydraulic
scouring system, the structure of which is shown in Figure 1. The twin-screw drive chassis
provides the driving force for the machine. The hydraulic control system controls the
rotational speed and direction of rotation of the spiral drums on both sides to enable
straight driving and steering. The hydraulic scouring system provides high-pressure water
jets to break up and disperse the top layer of soil on the lotus roots. As a result, the lotus
root floats upwards under its own buoyancy. Finally, the lotus roots are salvaged out of the
water by the workers. The lotus root harvesting operation is complete.
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Figure 1. Structure of the wide-width root digger. 1. Twin-screw drive chassis 2. Power system
3. Hydraulic control system 4. Oscillating scouring adjustment structure 5. Hydraulic scouring
system.

The hydraulic flushing system studied in this paper is an important part of the root
digger. It includes the inlet pipe, the pump, the flow regulating valve, the delivery pipe,
the distributor and the nozzles. The structure is shown in Figure 2. When the root digger is
in operation, the water pump rotates at high speed driven by the engine and pumps water
up through the inlet. The water flows through the pipes and out of the nozzles at high
speed to create a high-pressure water jet. This water jet impacts and breaks up the soil,
causing the lotus roots to rise to the surface and complete the harvesting of the roots.
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braided corrugated pipe 7. Distribution pipe 8. Nozzle.
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2.2. Water Pump Selection and Feasibility Analysis
2.2.1. Water Pump Selection

By investigating the actual operation of the root digger, we found that the root digger
pump is required to have a sufficiently large flow rate, high head, and reliable working
performance. A study showed that the soil firmness at a depth of 300 mm below the
root field mud was 0.21–0.92 MPa, and the lotus root extrusion crushing strength was
2.32 MPa [27]. Referring to the 4CWO-3.2 boat type root dredger [8], we aimed for a design
with a unit kinetic energy E of 30 m at the nozzle outlet fluid.

Ek =
1

2g
av2 (1)

where v is the average flow rate in the pipe section, m·s−1; a is the kinetic energy correction
factor, normally taken as a=1.05; g is the gravitational acceleration, 9.8 m·s−2; Ek is the
kinetic energy per unit weight of a body of water, referred to as the unit kinetic energy, m.

From the design target current unit kinetic energy of 30 m, the current velocity is
19.32 m·s−1. Refer to reference [8], compared the flow rate per unit time through the nozzle
when the nozzle outlet diameter is 13 mm, 16 mm and 19 mm, and considered the need
for adequate water to push the soil away from the flushed soil, we determined the nozzle
outlet inner diameter to be 16 mm, so the individual nozzle flow rate is 17.129 m3·h−1. This
hydraulic flushing system has 9 nozzles, so the flow rate of the pump should be greater
than 154.157 m3·h−1. Compared with the characteristics of various pumps, we finally
settled on the 150S78 single-stage double-suction centrifugal water pump, manufactured
by Hebei Kreda Co from China. Its performance parameters are rated flow rate 162 m3·h−1

and rated head 78 m.

2.2.2. Pipeline Energy Loss Analysis

To ensure that the high-pressure water flow in the hydraulic system has sufficient unit
kinetic energy, we accounted for the energy losses in the transmission pipeline to ensure
that the pumps could provide sufficient mechanical energy [28].

The energy of water movement includes potential energy, pressure energy and kinetic
energy. The relationship between them satisfies the law of conservation of energy and
the law of interconversion of energy. According to the Bernoulli energy equation, the
energy equation for the steady-state flow of a viscous incompressible fluid is shown in
Equation (2) [29]. The water flow energy conversion model is shown in Figure 3.

p1

ρg
+ z1 +

1
2g

av2
1 =

p2

ρg
+ z2 +

1
2g

av2
2 + hw (2)

where p1 and p2 are the pressures of the moving water on Sections 1 and 2 respectively, Pa.
z1 and z2 are the height of the location of the centre point of Sections 1 and 2 respectively,
m; v1 and v2 are the average flow velocity at Sections 1 and 2, respectively, m·s−1; ρ is the
density of fluid, kg·m−3.

The terms in the water flow energy Equation (2) have different physical meanings.
p

ρg is the pressure energy per unit weight of water, referred to as the unit kinetic energy, m;
z is the potential energy per unit weight of water, referred to as the unit potential energy, m;
1

2g av2 is the kinetic energy per unit weight of water, referred to as the unit kinetic energy,
m; hw is the energy loss per unit weight of water between the two sections, referred to as
the unit energy loss, m.

hw = Σh f + Σhj (3)

where ∑hf is the total along-travel unit energy loss, m; ∑hj is the total local unit energy loss, m.
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Figure 3. Schematic diagram of the one-dimensional flow energy Equation.

Analysis of Unit Energy Losses along Pipeline

The matching piping components are designed according to the performance and
structural parameters of the 150S78 pump.

With reference to the relevant waterway pressure drop theory in “Hydraulic Calcu-
lation Manual” and “Principles of Chemical Engineering”, the flow pattern of the fluid was
determined by the Reynolds number Re and the energy loss along the path hf was calcu-
lated [29,30].

If the flow of the fluid is tropospheric:

h f =
32µvS

d2 · 1
ρg

(4)

If the flow of the fluid is turbulent:

h f =
λS
d

· v2

2g
(5)

where λ is the resistance coefficient; µ is the coefficient of dynamic viscosity, Pa·m; d is the
internal diameter of pipe, m; S is the length of pipe, m.

This hydraulic scouring system has energy losses along its entire length, mainly at the
main transmission pipe and the metal braided bellows. The pipe is made of new seamless
steel pipes. According to reference [30], The flow velocity in the pipe was calculated and
the Reynolds number of the fluid was determined, based on which we determined that
this was an example of turbulent flow. In addition, the relative surface roughness of the
fittings was obtained. Based on the relative roughness of the pipe walls and the Reynolds
number of the water flow, the resistance coefficient λ for each fitting that we checked in the
literature [30]. Therefore, the energy losses along the journey are shown in Table 1.

Table 1. Calculation table of unit energy losses along the pipeline.

Piping Diameter
d/m

Length
S/m

Flow Rate
v/(m·s−1)

Reynolds
Number Re Fluid Forms Resistance

Coefficient λ
Along-Travel

Energy Loss hf/m

Transmission pipe 0.100 2.00 5.730 573,000 Turbulent 0.045 1.507
Metal braided hose 0.065 2.00 6.781 440,700 Turbulent 0.060 4.331

The main section of this hydronic system is piped in a parallel layout. According to
the law of conservation of energy, the flow rate in the main circuit is equal to the sum of
the branches, so that the energy loss per unit of water flow between the point of diversion
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and the point of merging of parallel branches is calculated for only one branch [31]. The
total energy loss along this waterway system is 5.838 m.

Σh f = 1.507 + 4.331 = 5.838 m

Analysis of Local Unit Energy Losses in Pipelines

The fluid is accompanied by local unit energy losses at components where the pipe
diameter or flow direction has changed. The resistance coefficient method is usually used
to calculate the local energy loss hj [29].

hj = ζ
v2

2g
(6)

where ζ is the local energy consumption factor.
When there is a sudden change in pipe diameter, the local energy consumption

coefficient is calculated according to Equation (7) [29].

ζ =


(

1 − A1
A2

)2
, Sudden enlargement of pipe diameter

0.5
(

1 − A1
A2

)
, Sudden reduction of pipe diameter

(7)

where A1 is the small diameter flow-through area of the reducer, m2; A2 is the large diameter
flow-through area of the reducer, m2.

The value of (A1/A2) is very small where there is a sudden and drastic change in the
fittings, so it can be seen from Equation (7) that ζ is taken to be 1 where the diameter of
the pipe expands sharply (container inlet) and 0.5 where the diameter of the pipe shrinks
sharply (container outlet).

When the pipe diameter is gradually reduced as shown in Figure 4. The energy
consumption coefficient is calculated according to Equation (8).

ζ = k1k2 (8)

where k1 is the energy consumption coefficient for angle change; k2 is the energy con-
sumption coefficient for changes in the through-flow area. k1 and k2 can be found through

“Hydraulic Calculation Manual” [29].
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Figure 4. Reducer with progressively smaller through the diameter. Note: α is nozzle shrinkage
angle, (◦); D and d are the inlet and outlet of the nozzle, respectively, mm; v is nozzle section average
flow rate, m·s−1.

Based on the geometrical parameters of the fittings, the local unit energy losses were
calculated as shown in Table 2.
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Table 2. Calculation table of local unit energy loss.

Name of Pipe Fittings Flow Rate
v/(m·s−1)

Energy Consumption
Coefficient ζ

Local Unit Energy
Losses hj/m

Flow control valves 5.730 0.200 0.335
90◦ bend DN100 5.730 0.750 1.256

Reducing Tee 5.730 1.500 2.513
90◦ bend DN65 6.781 0.750 1.760

Distribution pipe inlet 6.781 1.000 2.346
Distribution pipe outlet 3.979 0.500 0.404

Nozzle 24.868 0.087 2.745
Total / / 11.359

The total unit energy loss of the system is calculated according to Equation (3).

hm = Σh f + Σhj = 17.197 m

2.2.3. Pump Head Accounting

The total mechanical energy required per unit weight of fluid is referred to as unit
total mechanical energy. The unit is m.

E =
p

ρg
+ z +

1
2g

av2 (9)

The nozzle outlet position was considered as zero energy height. The nozzle outlet
was at 400 mm underwater and it had a pressure of 4000 Pa. Nozzle outlet flow rate of
24.868 m·s−1 and the kinetic energy correction factor of 1.05. From Equation (9), it can
be obtained, through the nozzle outlet cross-section of the unit of fluid has a total unit
mechanical energy of 33.538 m.

Considering the pipeline energy losses, the minimum total mechanical energy per
unit weight of the fluid to be obtained for this hydraulic system of 50.735 m.

E = 33.538 + 17.197 = 50.735 m

Because the rated head of the selected pump of 78 m is greater than the minimum
mechanical energy required per unit weight of fluid in the pipeline, the pump met the
requirements of this water scouring system.

2.3. Key Nozzle Parameters Determination Based on CFD Simulation

The nozzle is the most critical part of the hydraulic system design. In this paper, the
type of nozzle, the structure of the constriction section and the actual structural parameters
of the nozzle were designed by CFD simulation to obtain a nozzle structure with the best
scouring performance.

2.3.1. Nozzle Types Comparison

According to the book named “Water Jet Technology and Engineering Application” [28], it
is known that there are four common types of nozzles. They are cylindrical nozzles, conical
nozzles, conical-cylindrical nozzles and diffusion nozzles. The structure of the four nozzles
is shown in Figure 5. With a nozzle outlet diameter of 16 mm as the design target, we
determined the nozzle size in the nozzle type comparison test as shown in Table 3.
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Figure 5. Nozzle structure diagram. (a) Cylindrical nozzle, (b) Conical nozzles, (c) Conical-cylindrical
nozzles, (d) Diffusion nozzles. Note: l is the total length of nozzle, mm; l1 is the nozzle outlet straight
section length, mm; δ is Nozzle wall thickness, mm; Dk is Diffusion nozzle diffusion outlet diameter,
mm; β is Nozzle diffusion angle, (◦).

Table 3. Nozzle geometry model parameters.

Parameter Type Values

Nozzle inlet diameter D/mm 40
Nozzle diffuser diameter Dk/mm 40

Nozzle outlet diameter d/mm 16
Total nozzle length l/mm 150

Nozzle outlet straight section length l1/mm 30
Nozzle shrinkage angle α/(◦) 30
Nozzle diffusion angle β/(◦) 45
Nozzle wall thickness δ/mm 5

Assuming that the piping structure and power source remain the same and ignoring
the effect of the nozzle structure on the water supply performance of the pump, we
conducted a comparative test of the performance of the nozzles.

In all simulation tests, the nozzle inlet fluid mass was set to 5 kg·s−1 and the nozzle
outlet was set to pressure type of 4000 Pa. The simulations compared four types of nozzle
axial fluid velocity variation, fluid turbulence intensity at the nozzle outlet and pressure
loss between the nozzle inlet and outlet sections. The fluid velocity cloud in the nozzle is
shown in Figure 6. The variation in fluid velocity at various points along the nozzle axis is
shown in Figure 7. The comparison of nozzle scouring performance is shown in Figure 8.

Test results showed that cylindrical and conical-cylindrical nozzles have good jet
agglomeration, long isokinetic nuclei and stable jets. Diffusion nozzles with a large jet
range but significant energy loss. Conical nozzles and conical-cylindrical nozzles have less
turbulence intensity and less pressure loss between the nozzle inlet and outlet sections.
Comprehensive analysis of various nozzles to produce the characteristics of the jet, we
selected the nozzle type for the conical-cylindrical nozzle.
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Figure 8. Comparison of nozzle scouring performance.

2.3.2. Nozzle Shrinkage Section Construction Comparison

The conical-cylindrical nozzle is a shrinkage type nozzle. To investigate the effect
of the contraction section type on the performance of the generated jet, this paper has
conducted a simulation comparison analysis of four types of contraction section structures:
conical, elliptical, single circular arc and double circular arc [28]. The structure of the nozzle
shrinkage section is shown in Figure 9, and the nozzle geometry parameters are related
as Equation (10). 

l1 = 2d
m = D − d

M = 3m
r1 = D − d
r2 = D/2
r3 = d/2

(10)

The turbulence intensity at the nozzle outlet and the pressure loss between the nozzle
inlet and outlet sections for the four nozzle constriction types are shown in Figure 10. The
test results show that the conical shrinkage nozzle outlet has the lowest turbulence intensity
and better scouring performance.

2.3.3. Conical-Cylindrical Nozzle Structure Parameters Determined

Orthogonal tests were carried out to determine the specific structural parameters of the
conical-cylindrical nozzle with the best scouring performance. To minimise experimental
errors caused by variations in nozzle length due to changes in nozzle configuration. Using
the nozzle structure at a minimum contraction angle of 20◦ as a reference, the total nozzle
length l was determined to be 200 mm. A three-factor, three-level orthogonal test was
carried out with the nozzle inlet diameter D, the shrinkage angle α and nozzle outlet
straight section length l1 as the test factors. The influence factors of the orthogonal test are
shown in Table 4.
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Table 4. Factors and levels of influence of the orthogonal test.

Level
Factors

Nozzle Inlet Diameter
D/mm Shrinkage Angle α/(◦) Nozzle Outlet Straight

Section Length l1/mm

1 40 20 20
2 50 30 30
3 60 40 40

The turbulence intensity at the nozzle outlet section I and the pressure loss between
the nozzle inlet and outlet sections Pw were used as evaluation indicators. Orthogonal
table L9(34) was selected for the orthogonal test. Both range analysis and variance analysis
were used to analyse the data from the orthogonal tests. The experimental arrangement
and results are shown in Table 5. The results of the range analysis are shown in Table 6.
The results of the variance analysis are shown in Table 7.

The range analysis and variance analysis of the test results showed that the order of
each factor on the turbulence intensity at the nozzle outlet section I are ranked as l1 > D > α.
Among them, nozzle outlet straight section length l1 has an extremely significant effect
on the turbulence intensity I, the nozzle inlet diameter D has a significant effect, and the
shrinkage angle α has no significant effect. The order of each factor on the pressure loss
between the nozzle inlet and outlet sections Pw are ranked as l1 > α > D. Among them,
nozzle outlet straight section length l1 has an extremely significant effect on the pressure
loss Pw, the shrinkage angle α has a significant effect, and the nozzle inlet diameter D has
no significant effect.
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Table 5. Orthogonal test results.

Test No.
Factors Indicators

A B C Turbulence
Intensity I/%

Pressure Loss
Pw/Pa

1 1 1 1 1 51.85 29,064.42
2 1 2 2 2 55.99 35,550.07
3 1 3 3 3 61.36 42,680.71
4 2 1 2 3 63.39 43,686.59
5 2 2 3 1 54.03 27,401.07
6 2 3 1 2 57.44 35,916.57
7 3 1 3 2 57.22 36,395.11
8 3 2 1 3 63.44 42,647.41
9 3 3 2 1 56.16 27,348.68

Table 6. Range analysis table.

Indicators A B C

Turbulence
Intensity

I/%

k1 56.40 57.49 57.58 54.01
k2 58.29 57.82 58.51 56.88
k3 58.94 58.32 57.54 62.73
R 2.54 0.83 0.97 8.72

Factors order C>A>B

Pressure
Loss

Pw/Pa

k1 35,765.07 36,382.04 35,876.13 27,938.06
k2 35,668.08 35,199.52 35,528.45 35,953.92
k3 35,463.74 35,315.32 35,492.30 43,004.91
R 301.33 1182.52 383.84 15,066.85

Factors order C>B>A

Table 7. Variance analysis table.

Indicators Variation Source SS df MS F Significance

Turbulence
Intensity

A 10.45 2 5.22 7.27 *
C 118.44 2 59.22 82.44 **

B
e

}
e∆ 1.05

1.83

}
2.88 2

2

}
4 0.72

Total 131.76 8

Pressure
Loss

B 2,549,657 2 1,274,828 12.39 *
C 340,980,300 2 170,490,150 1657.31 **

A
e

}
e∆ 141, 964

269, 521

}
411, 485 2

2

}
4 102,871

Total 343,941,442 8

Critical value of F-test: F0.05(2,4) = 6.94; F0.01(2,4) = 18.00. * means the factor is significant when α = 0.1, ** means the factor is significant
when α = 0.05.

The significance of the effect of each test factor on the test index was considered in
combination. The best combination of the orthogonal test was D1α2l11. However, it was not
in the tests that had been done, and verification tests were carried out to obtain a turbulence
intensity at the nozzle outlet section of 51.28%, and a fluid pressure loss between the nozzle
inlet and outlet sections of 27,494.34 Pa. The turbulence intensity of this solution is better
than that of the tests carried out, and although the pressure loss is not the best in the tests
carried out, it is not significantly different from the best results of the tests carried out.

The combined analysis concludes that this option D1α2l11 is the optimal option. Nozzle
outlet diameter of 16 mm, nozzle inlet diameter D for 40 mm, shrinkage angle α for 30◦, nozzle
outlet straight section length l1 for 20 mm, the nozzle has a better flushing performance.
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2.4. Method and Material of Hydraulic Scouring System Performance Test
2.4.1. Test Site and Lotus Roots

The tests were carried out in the pond at Hubei Shouxing Machinery Co. The length
of this test pond of 20 m and the width of 3 m. The bottom of the pool has a large amount
of soil with a total thickness of more than 500 mm and a distance of 400 mm between the
surface of the soil and the water surface. The lotus roots used in the trial were freshly
harvested intact plants of “E lotus No. 5”.

2.4.2. Verification Test

To verify the results of the simulation tests, the actual flow and pressure of the nozzles
were measured for comparison with the simulation tests and to provide a reference for
later performance tests of the hydraulic flushing system.

The test with nozzle outlet diameter was carried out of 16 mm, nozzle inlet diameter
D of 40 mm, shrinkage angle α of 30◦, the nozzle outlet straight section length l1 of 20 mm.
The flow and pressure distribution of each nozzle on the manifold was measured and
compared to analyse the homogeneity between each nozzle. The actual flow rate of this
hydronic system nozzle was measured in terms of the time required to draw a certain
volume of water with the flow regulating valve fully open. A pressure gauge was used to
measure the actual pressure value at the nozzle inlet.

2.4.3. Single-Factor Test

Referring to the research of Wu et al. [6,10], it is found that the factors affecting the
hydraulic flushing performance include nozzle outlet pressure, nozzle flushing angle and
nozzle outlet height from the mud surface.

Taking this hydraulic system as the object of study, combined with the results of
pre-experiments, we took the nozzle outlet pressure 0.10–0.30 MPa, nozzle scouring angle
30◦–90◦, nozzle outlet height from the mud surface 0-150 mm as the test factors, and carried
out single-factor tests with effective scouring depth as the test indicators.

The purpose of this single factor test was to investigate the influence of each factor on
the scouring performance of the hydraulic scouring system and to obtain the optimal range
of values for each factor. only one factor was changed for each test group, while the other
factors were fixed, as shown in Table 8. The nozzle flushing diagram is shown in Figure 11.

Table 8. Single-factor test plan and results.

Test No. Nozzle Pressure
P/MPa

Scouring Angle
θ/(◦)

Nozzle Height
h/mm

Scouring Depth
H/mm

1 0.10 60 0 196
2 0.15 60 0 277
3 0.20 60 0 332
4 0.25 60 0 375
5 0.30 60 0 392

6 0.30 30 0 366
7 0.30 45 0 378
8 0.30 60 0 390
9 0.30 75 0 404
10 0.30 90 0 411

11 0.30 60 0 400
12 0.30 60 50 392
13 0.30 60 100 372
14 0.30 60 150 344
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Figure 11. The nozzle flushing diagram.

2.4.4. Box–Behnken Centre Combination Design Test

To figure out the relationship between the strength of each test factor on the nozzle
scouring performance and the interaction between them, we completed a Box–Behnken
central combination design test based on the single factor test. The same as the single-
factor test, nozzle outlet pressure, nozzle flush angle and nozzle outlet height from the
mud surface were used as test factors and the effective scouring depth was used as the
test indicators.

This three-factor, three-level Box–Behnken central combination design trial had 17 sets
of trials, each of which was repeated three times, and the average of the three trial results
was used as the final test indicators. The Box–Behnken design of factors and levels is
shown in Table 9. The protocol for the Box–Behnken central combined design test is shown
in Table 10.

Table 9. Factors and levels of Box–Behnken central combination design tests.

Level Nozzle Pressure
X1/MPa

Scouring Angle
X2/(◦)

Nozzle Height
X3/mm

+1 0.30 60 100
0 0.25 45 50
−1 0.20 30 0

Table 10. Box–Behnken central combination design tests plan and results.

Test No. Nozzle Pressure
X1/MPa

Scouring Angle
X2/(◦)

Nozzle Height
X3/mm

Scouring Depth
H/mm

1 0.20 30 50 318
2 0.30 30 50 356
3 0.20 60 50 336
4 0.30 60 50 393
5 0.20 45 0 344
6 0.30 45 0 383
7 0.20 45 100 288
8 0.30 45 100 350
9 0.25 30 0 362
10 0.25 60 0 389
11 0.25 30 100 299
12 0.25 60 100 340
13 0.25 45 50 351
14 0.25 45 50 351
15 0.25 45 50 349
16 0.25 45 50 353
17 0.25 45 50 344
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2.5. Lotus Root Harvesting Test

The hydraulic scouring lotus root harvesting tests were completed to verify the work-
ing performance of the hydraulic scouring system. In the experiments, the test pond
with pre-buried lotus roots were used as experimental root fields. Harvesting tests were
then carried out with the hydraulic scouring system studied in this paper. Four freshly
harvested intact lotus roots were buried 300 mm below the mud perpendicular to the
direction of machine movement as a group. The scouring harvest tests were carried out
with the nozzle pressure of 0.30 MPa, the scouring angle of 60◦ and the nozzle distance
from the mud surface of 0 mm. Floatation and damage rates of lotus roots were used as
evaluation indicators for the hydrodynamic scouring of lotus root harvesting tests. The test
was repeated five times and their average value was taken as the test result. The hydraulic
scouring lotus root harvest test is shown in Figure 12.
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3. Results and Discussion
3.1. Verification Test Results and Analysis

The verification test showed that the actual total flow rate of the hydraulic system
of approximately 152 m3·h−1, with a coefficient of variation of 6.17% from the rated flow
rate of the pump of 162 m3·h−1. The flow rates of each nozzle were compared with each
other and the average value of the nozzle flow rates was 16.88 m3·h−1. The coefficient of
variation of the flow rates between the nozzles of 11.56%. The nozzle near the inlet of the
manifold has a higher flow rate and the nozzle in the very middle of the manifold has
a lower flow rate. And, the outlet flow rate of the nozzle of approximately 23.33 m·s−1.
According to Equation (1), the unit kinetic energy per unit weight of water flow of 27.78 m,
and the coefficient of variation between it and the design index unit kinetic energy of 7.41%.

The test obtained the average value of the static pressure of each nozzle of 0.30 MPa,
which is close to the nozzle inlet static pressure of 0.34 MPa in the previous simulation
test, verifying the reasonableness of the nozzle simulation test results. The coefficient of
variation of pressure between nozzles of 12.83%. The distribution pattern was similar to
the nozzle flow distribution pattern. The pressure value of each nozzle was greater than
0.25 MPa, and the working width met the design requirements. In addition, compared
with the investigation of a single nozzle root digger with a matching pump head of only
20 m, the nozzle outlet energy of this hydraulic system still meets the requirements of lotus
root harvesting operations.

3.2. Single-Factor Test Results and Analysis

The results of single-factor tests No. 1 to No. 5 in Table 8 showed that the effec-
tive scouring depth tended to rise significantly as the nozzle outlet pressure increased.
When the nozzle flushing pressure is less than 0.175 MPa, the nozzle flushing depth is
less than 300 mm under the mud of the lotus root growing environment, which didn’t
meet the requirements of digging roots. The nozzle outlet pressure operating range is
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taken to be 0.20–0.30 MPa or even higher where the hydraulic scouring system has good
scouring performance.

The results of single-factor tests No. 6 to No. 10 in Table 8 showed that the flushing
depth slowly rise as the nozzle flushing angle increased. At scouring angles of less than
60◦, backfill is seldom produced in soils that have already been scoured away. The better
operating range for the nozzle flush angle was 30◦–60◦.

The results of single-factor tests No. 11 to No. 14 in Table 8 showed that the scouring
depth gradually decreased as the height of the nozzle from the mud surface increased.
And, the effective scouring depth decreased faster the farther the nozzle distance is. The
better operating range of nozzle height from the mud surface is 0–100 mm.

3.3. Box–Behnken Center Combination Design Test Results and Analysis
3.3.1. Significance Tests and Regression Equations

The data from the Box–Behnken centre combination design tests were subjected to
analysis of variance and significance tests as shown in Table 11. The analysis of variance
shows that the regression Equation is highly significant and does not fail to fit and that the
regression Equation for the test indicator fits the test data well.

Table 11. Variance analysis table of scouring depth.

Variation Source SS df MS F Significance

Model 12,235.17 9 1359.46 68.49 <0.0001 **
X1 4802.00 1 4802.00 241.91 <0.0001 **
X2 1891.13 1 1891.13 95.27 <0.0001 **
X3 5050.12 1 5050.12 254.41 <0.0001 **

X1X2 90.25 1 90.25 4.55 0.0704
X1X3 132.25 1 132.25 6.66 0.0364 *
X2X3 49.00 1 49.00 2.47 0.1601
X1

2 27.38 1 27.38 1.38 0.2786
X2

2 57.64 1 57.64 2.90 0.1321
X3

2 141.64 1 141.64 7.14 0.0319 *
Residual 138.95 7 19.85

Lack of Fit 91.75 3 30.58 2.59 0.1900
Pure Error 47.20 4 11.80

Total 12,374.12 16
Note: p ≤ 0.01 (Highly significant, **); p ≤ 0.05 (Significant, *).

Factors X1, X2, X3 has a highly significant effect on the test index, interactions X1X3,
X3

2 has a significant effect on the test index, and other factors do not have a significant
effect on the test index. After the factors that did not have a significant effect on the test
indicator were removed, the regression Equation (11) between the test indicator and the
factor code was obtained:

H = 349.6 + 24.5X1 + 15.38X2 − 25.12X3 + 5.75X1X3 − 5.80X3
2 (11)

The F-values in Table 11 show that the influence of each factor on the nozzle scouring
depth are significant in descending order of X3, X1, X2, X3

2, X1X3, which means that the
interaction of nozzle height from the mud surface, nozzle outlet pressure, nozzle spray
angle, nozzle height from the mud surface and nozzle outlet pressure affect the effective
scouring depth.

3.3.2. Response Surface Analysis

From the analysis of variance, it is clear that the interaction of nozzle outlet pressure X1
and nozzle angle X3 from the mud surface affects the test index, the other interaction terms
have a non-significant effect on the test index. The test factors that interacted significantly
are plotted in Figure 13.
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Figure 13. Response surface analysis.

Response surface analysis displays that when the nozzle scouring angle of 60◦, if the
nozzle outlet pressure is fixed, the effective scouring depth decreases as the nozzle distance
from the mud surface increased; if the nozzle height from the mud surface is fixed, the
effective scouring depth increased as the nozzle outlet pressure increased.

Moreover, when the nozzle outlet pressure of 0.28–0.30 MPa and the nozzle height
from the mud surface of 0–20 mm, the effective scouring depth exists at the better value of
395–405 mm.

3.3.3. Parameter Optimisation and Experimental Validation

The model was optimised in Design-Expert 8.0.5 with the optimum effective scour
depth as the optimisation objective. The constraints for each factor were shown in
Equation (12). Using the Optimisation module, the optimal parameters for nozzle flushing
were obtained by solving the regression model with the nozzle outlet pressure of 0.30 MPa,
the flushing angle of 60◦, the nozzle height of 0 mm from the mud surface, which resulted
in a predicted effective flushing depth of 405.45 mm.

H = max(X1, X2, X3)
0.20 ≤ X1 ≤ 0.30

30 ≤ X2 ≤ 60
0 ≤ X3 ≤ 100

(12)

In accordance with the optimised test protocol, the nozzle outlet pressure was main-
tained at and above 0.30 MPa, the horizontal angle between the nozzle and the mud surface
was set at 60◦ and the nozzle outlet was placed close to the soil surface and the test was
repeated three times. The test results showed a scour depth of 395 mm, which was slightly
lower than the optimised simulation results. The reason for the analysis is that the strength
uniformity of the soil in the test trench has a large influence on the test results. In summary,
the flushing effect of this hydraulic system meets the design objectives.

3.4. Lotus Root Harvesting Test Results and Analysis

The effects of the lotus root harvesting trials are recorded in Table 12. The test site is
shown in Figure 14.
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Table 12. Test results of lotus root harvesting.

Test No. Number of Floats Float Rate/% Number of
Damages Damage Rate /%

1 3 75 0 0
2 4 100 1 25
3 4 100 0 0
4 3 75 0 0
5 4 100 0 0

Average / 90 / 5
CV / 11.8 / 223.6
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The test data were analysed, and the results showed that the lotus root float rate was
95% and the coefficient of variation for floatation was 11.8%. The damage rate of lotus
roots was 5% and the coefficient of variation of the damage rate was 223.6%. Observed the
broken area of the lotus root, which showed small epidermal damage.

The coefficient of variation of the surfacing rate was less than 15%, indicating that
the hydraulic scouring system was able to complete the lotus root harvest with smooth
operational results. The coefficient of variation of the damage rate was more than 100%,
indicating that this hydraulic scouring system was unlikely to cause damage to lotus roots
during lotus root harvesting operations. The damage to the skin of the lotus root produced
in the test was analysed as a result of a collision with the nozzle swinging from side to side
during the floating of the lotus root. However, this form of damage does not affect the
main body of the lotus root and its occurrence is relatively low.

As the lotus root was submerged during hydraulic harvesting, it was difficult to obtain
a richer operational mechanism for the impact of scouring on the soil by this hydraulic
system in this paper. The exact cause of the missed lotus root harvest could not be analysed.
Subsequently, a coupled simulation model of the hydraulic scouring system with soil lotus
roots and soil will be established to analyse the mechanism of soil particle movement under
the impact of water. The causes of lotus root leakage and damage will be analysed to guide
the optimisation of the structure and performance parameters of this hydraulic system.

4. Conclusions

(1) To improve the efficiency of lotus root harvesting operations in large areas, this paper
designed a high-flow, wide-width hydraulic scouring system.

(2) Based on water energy theory and hydraulic scour theory, The pipe components of
the hydraulic scouring system were analysed and calculated, and the energy losses in
the transmission lines were verified to ensure adequate scouring power.

(3) Based on fluid simulation tests, the effect of nozzle type, constriction section struc-
ture and related structural parameters on nozzle outlet flow velocity, outlet dynamic
pressure and turbulence intensity were investigated. The conical-cylindrical nozzle
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with the inlet diameter of 40 mm, the constriction angle of 30◦, the straight cylin-
drical outlet length of 20 mm and the nozzle outlet diameter of 16 mm had better
scour performance.

(4) Hydraulic scouring performance tests showed that the nozzle outlet pressure of
0.30 MPa, the scouring angle of 60◦ and the height of the nozzle from the mud surface
of 0 mm, the actual effective scouring depth of the verification test was 395 mm,
which was basically consistent with the model optimisation prediction results, and
all indicators met the design requirements. The lotus root harvesting tests were
completed with the lotus root surfacing rate at 90% and the lotus root is hardly
damaged, which met the requirements of lotus root harvesting operations.

5. Patents

Two patents have been applied in China for a twin-screw propelled lotus root harvester
in this manuscript (Patent No. CN202130203136.3 and Application No. CN202110413636.9).
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