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Abstract: Lifting coarse mineral particles from thousands of meters of seabed to the supportive vessSel
is a crucial part of exploitation of deep-sea mineral resources, and the vertical transportation part is
a key component of the deep-sea mining system. Three typical vertical transportation schemes are
discussed and compared from the aspects of working mechanism, structural scheme, transportation
capacity, system efficiency and implementation feasibility in the context of commercial exploitation
of deep-sea polymetallic nodules. The conclusion is that the hydraulic pipeline lifting system with
a centrifugal pump is a comprehensive scheme. Furthermore, the basic composition and function
of the hydraulic lifting system are introduced, and the transportation performance indicators and
technical requirements under commercial mining conditions are analyzed. As the key equipment of
the lifting system, the structural characteristics, design theory, transportation performance analysis
methods and research progress of the lifting pump are described. A 1000 m sea trial was carried out.
The lifting system, the tests of the centrifugal pump and the sea trial are introduced.

Keywords: exploitation of deep-sea mineral resources; vertical transporting; hydraulic lifting system;
lifting pump; sea trial

1. Introduction

The mineral resources in the deep sea are rich in nickel, cobalt, copper, manganese,
and other metals, which are the core elements of aerospace, special alloys, lithium batteries,
superconductors, and fuel cells, and will become a major direction in solving the resource
problem in the future. In the early 1970s, Western developed countries began to carry out
research and development of mining technology and equipment for deep-sea polymetallic
nodules. At present, some developed countries have enough technical reserves in deep-sea
mining technology and are waiting for the arrival of commercial mining opportunity.

Polymetallic nodules, polymetallic sulfides, and cobalt-rich crusts are the most promis-
ing deep-sea solid mineral resources. These three mineral resources are different in the
depth of water and seabed occurrence states. The proposed mining system is basically
similar, consisting of mining vehicles, mining vessels, and lifting systems (also known
as “conveying systems”) that transport minerals from the mining vehicles to the mining
vessels. The mining vehicles and mineral lifting systems used to collect these minerals are
basically the same, except that the collection methods and the design of mining vehicles are
quite different due to the different occurrence states. At present, a variety of mineral-lifting
schemes have been proposed, and various lifting systems have been introduced [1-5],
but most of them only briefly describe the basic composition of these technical schemes,
without analyzing the various lifting systems from the perspective of technical principles. A
simple mechanical mineral lifting system is the first generation of deep-sea mining mineral
lifting systems, mainly including a line bucket lifting system and carrier lifting system.

In the 1960s, a continuous line bucket (CLB) system for collecting and lifting deep-sea
polymetallic nodules was proposed by Japanese researchers [5]. Subsequently, an improved
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double vessel continuous cable hopper scheme was proposed by French researchers [6]
to solve the cable entanglement problem. In 1979, French engineers proposed a shuttle
mining system [7].

After the end of the line bucket lifting trials in the 1970s, there was no further research
on line bucket lifting systems for four decades. In 2016, a new line bucket mineral lifting
system was proposed by Australia’s Nautilus Mining Company [8]. However, it was
difficult to solve the problem that thousands of meters of cable may become entangled
under the action of the ocean current and mining vehicle movement, which made it difficult
to apply the cable-bucket lifting system in practice.

Firstly, the research status of the deep-sea mining lifting system is summarized, and the
requirements of the deep-sea mining lifting system are analyzed. Further, the comprehen-
sive analysis and comparison of various deep-sea mining lifting systems are made from the
perspectives of their lifting performance, system efficiency and feasibility. On the premise of
considering the transport capacity requirements of the system, the research progress of the
hydraulic lifting system is analyzed, and the structural characteristics, design requirements,
solid-liquid two-phase flow simulation research, prototype development, and test progress
of the key components of the lifting pump are comprehensively analyzed.

2. Mineral Lifting System Requirements for Deep Sea Mining

To transport these mineral resources at the depth of thousands of meters to a mining ves-
sel, a deep-sea mining mineral lifting system needs to meet the following basic requirements.

2.1. Vertical Transportation of Large Particles

The polymetallic sulfides on the sea floor originate from the mixing of the hydrother-
mal solution erupted from the sea floor and the cold sea water, and the ore bodies formed
are distributed in large blocks at 500-3700 m of the sea floor. Polymetallic nodules occur
on the surface of seabed sediments at a depth of 4000~6000 m, usually in a semi-buried
state [9,10]. Thus, the mineral resources in the ocean are mostly distributed in the depth of
thousands of meters, and these resources need to be transported almost vertically from the
bottom to the surface.

According to the exploration experience, to collect polymetallic sulfides and cobalt-
rich crust, it is necessary to cut and strip them, forming mineral particles up to tens of
centimeters, while the diameter of deep-sea polymetallic nodules is generally between
2 and 10 cm [11,12]. Although the minerals are preliminarily crushed before collecting and
transporting, the crushing size should not be too small in order to reduce the crushing
energy consumption and the loss caused by excessive ore pulverization. Therefore, the
transportation of large particles is a necessary requirement for the transportation of deep-
sea mineral resources.

2.2. High Efficiency Delivery

According to the recommendations of the United Nations Expert Group on Deep-sea
Mining [13], the commercial production scale of deep-sea polymetallic nodules should not
be less than 3 million tons of dry nodules per year (according to the exploration results,
the ratio of dry nodules to wet nodules is about 70%, and 3 million tons of dry nodules
should correspond to 4.3 million tons of wet nodules). For this scale of production, it
is recommended that two sets of mining systems should be employed [14]. The annual
production of each system is 1.5 million tons of dry nodules. Each system has a capacity of
6000 t/d and 250 t/h (or 358 tons wet nodules per hour) for 250 working days per year.

On the one hand, due to the long distance of vertical transportation of seabed minerals
and high productivity requirements, no matter what kind of mineral transportation method
is adopted, the energy consumption in the transportation process will be huge. On the other
hand, deep-sea mineral resources are mostly located in the ocean far from the mainland,
and energy supply during mining is also a big problem. Therefore, the deep-sea mining
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mineral lifting system should adopt as low an energy consumption scheme as possible to
achieve low energy consumption and high efficiency mining [15].

2.3. Green Mining

To date, the exploitation of deep-sea mineral resources is only experimental and
has not yet been commercialized, but the industry has faced challenges in obtaining
development support and approvals [16]. According to relevant case studies [1], deep-sea
mining activities will cause certain disturbances to the seabed, including artificial waste
pollution, light pollution, noise pollution, and plume problems, which will inevitably
have negative impacts on the seabed ecosystem environment and biodiversity [2,3]. The
United Nations Convention on the Law of the Sea (UNCLOS) sets clear requirements
that deep-sea mining needs to meet stringent environmental impact standards for Marine
environmental protection. Therefore, environmental protection is an inevitable requirement
of deep-sea mining.

In addition to the above requirements, safety, reliability, and service life are also the
basic requirements for the design and selection of a deep-sea mining mineral lifting system.

3. Mineral Lifting System Analysis for Deep Sea Mining

The research on mining technology of deep-sea mineral resources began in the
1950s [13]. In this process, there had been a variety of technical prototypes and model
machines. Up to now, deep-sea mining mineral lifting systems can be divided into two
main categories [4]. One is a simple mechanical lifting system, which mainly includes
line bucket lifting and carrier lifting. The other is the pipe lifting system; according to its
different lifting power source, it can be divided into an airlifting system and hydraulic
pipeline lifting system.

3.1. Pipe Lifting System

After the failure of simple mechanical deep-sea mineral lifting systems, deep-sea min-
eral pipe lifting systems were inspired by the horizontal long-distance pipeline transport
of mineral particles in land-based mining projects. In the late 1970s, a deep-sea mineral
pipeline lifting system was proposed by Ocean Management Inc. (OMI), a consortium of
countries including the U.S., Japan, Canada, and Germany [17,18]. The system generally
consisted of three parts: a subsea mining vehicle that collected nodules on the sea floor,
a lifting system for transporting minerals from the seabed to the surface by hydraulic or
pneumatic means through pumps and pipes, and a surface support system that provided
power and operational support for subsea mining vehicles, lifting systems, performed pre-
liminary dewatering and sorting systems. Figure 1a,b are schematic diagrams of pneumatic
pipe lifting and hydraulic pipe lifting in a deep-sea mining system, respectively.

In 1978, a deep-sea mining trial in the Pacific Ocean using an air lifting system was
carried out by OMA [19,20]. In 18 h, 550 t of ores were collected from the seabed and
transported to the mining vessel, achieving a maximum yield of 50 t/h. In the same period,
OMI also carried out deep-sea mining tests in the Pacific Ocean. Two transportation modes,
hydraulic lifting and air lifting, were adopted, respectively, to realize vertical transportation
of underwater minerals at a depth of 5200 m, in which the air lifting system transported
150 t minerals and the hydraulic lifting system transported 650 t minerals, collecting 800 t
minerals in total. The hydraulic lifting system had a maximum capacity of more than
40 t/h, demonstrating the principle of the system and the technical feasibility of deep-sea
mining. The power equipment used in the system was a centrifugal pump with diffusers
developed by the KSB Pump company of Germany.

In the following decades, the hydraulic lifting system became the mainstream scheme
of deep-sea mining lifting system research in various countries. In 1986, Japan carried out
eight-stage deep-sea mine pump test research [21], and the pump structure was composed
of two symmetrically arranged four-stage pumps. After 1990, deep-sea mining technology
received a new round of development. In 1997, India adopted a full hose lifting system [22],
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and in 2000, the system was tested and verified at 410 m of water depth in the Indian sea
jointly with the Engineering Design Institute of the University of Siegen, Germany. It was
found that the project was cost-effective and the pipe lifting system was considered to have
the most commercial prospects. In 2002, a deep-sea two-stage mixed-flow lifting pump was
developed in China [23]. In the 30 m high lifting system, the performance tests of water
and slurry were carried out with artificial nodules, and satisfactory results were obtained.
In 2005, the basic research on the four-stage deep-sea mining lifting pump was carried out
by the Korea Institute of Geoscience and Mineral Resources (KIGAM). Air lifting was one
of the pipe lifting systems of minerals [24]; Numerical simulations of a 20 mm maximum
particle size through the pump and the performance prediction of the pump under different
working conditions were carried out. In 2010, a lifting trial in the Arabian Sea in the depth
of 521 m using a full hose mining system was conducted by India [25]. The pump of the
system was a duplex positive displacement pump, similar to the land concrete convey
pump. The inner diameter of the lifting hose was 75 mm, the maximum particle size was
25 mm, and the maximum flow rate of the pump was 45 m3/h. In 2016, the “Deep-sea
Polymetallic nodules Mining Pilot Project” was officially launched in China. By 2021, the
project had successfully completed the whole-system linkage test of deep-sea polymetallic
nodules exploitation [26,27]. The hydraulic lifting system was adopted, and the reliability
and feasibility of the deep-sea mineral hydraulic lifting system was fully verified.
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Figure 1. Schematic diagram of two deep-sea mining systems: (a) Pneumatic pipe lifting of deep-sea
mining system; (b) Hydraulic pipe lifting deep-sea mining system.

The following is a comparative analysis of two pipe lifting systems from the aspects of
principle, productivity, and efficiency.

3.1.1. Air Lifting System

Air lifting is one of the pipe lifting systems of minerals. It makes use of the mining
vessel air compressor, high pressure gas injection mineral ascending pipe, high pressure
gas in sea water expansion to promote the rising seas, when the water rises faster than
the bottom of the sea polymetallic nodules settling velocity in the water will promote
the nodules’ rise. Seawater and nodules will be eventually piped to the mining vessel
and its basic principle is shown in Figure 2. From the working principle of the air lifting
system, it is not difficult to see that the main factors affecting the capacity and energy
consumption of an air lifting system are pipe diameter, inlet depth of compressed air, and
mineral particle size.
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Figure 2. Schematic diagram of air lifting system.

Enlarging the pipe diameter can improve the production capacity, but at the same
time, the gas flow rate in the pipeline will also increase. In the case of a mineral particle
size of 20 mm and lifting height of 6000 m, in order to meet the lifting system’s capacity of
358 tons of wet nodule per hour, if the pipe diameter is less than 1 m, the gas flow rate will
exceed 15 m/s, which will result in the sea water flow state changing into an annular flow
state and loss of the ability to lift solid particles [28]. This means that for a mining system
with an annual production of 3 million tons of dry nodules, if air lifting is used for mineral
lifting, large diameter lifting pipes of more than 1 m must be used. The large diameter pipe
will cause many problems, such as increased cost and difficulty in system operation.

The influence of the inlet depth of the compressed air and the particle size of the
mineral on the productivity of the pneumatic pipeline lifting system is related to energy
consumption [4]. Figure 3 shows the net energy power required for transportation of
3 million tons of nodules per year at a mining water depth of 6000 m with different air
inlet depths and different particle diameters (10 mm and 20 mm). As can be seen from
the figure, when the compressed air inlet depth is greater than a certain critical value, the
system energy consumption value will remain unchanged. On the other hand, the effect of
reducing the mineral particle size on energy consumption is not obvious. Considering that
excessive reduction of mineral particle size will lead to the reduction of mineral recovery, it
is not feasible to improve productivity by reducing the mineral particle size.
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Figure 3. Net power diagram required for conveying different air inlet depths and different ore
particle diameters (10 mm and 20 mm).

According to the above analysis, the productivity and energy efficiency of the pneu-
matic pipeline lifting system will be restricted by some factors in practical application.
According to the calculation and analysis, at the above capacity and system parameter
levels, the volume concentration of the solid phase in the solid-liquid two phases in the
lifting pipeline is only 3%~4%, far lower than the volume concentration of the solid phase
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in the hydraulic lifting system, which is more than 12%. Pneumatic conveying is generally
less than 15% efficiency [29], so more water must be pumped from the bottom to the surface
to achieve the same mineral productivity. For environmental protection purposes, the
water pumped to the surface cannot be discharged directly to the surface, but must be
injected back below a certain depth. Under the same capacity requirement, the air lifting
method will have more water injection than the hydraulic lifting method, which is also a
disadvantage of the air lifting method.

3.1.2. Hydraulic Lifting System

The hydraulic lifting way is to install the pump in the underwater pipeline, powered
by a pump; the pressure can convert mechanical energy into slurry; the pump needs to
overcome the frictional resistance of slurry flow, and the work of slurry density increases
the form of the potential energy difference; under the pump installation position, outside
pressure, the pressure is lower than the pipe in the pipeline potentials to improve slurry
by the sea; the pressure inside the pipeline above the installation position of the pump is
higher than the pressure outside the pipe, and the slurry is promoted by the pump. The
pressure difference outside the pipeline is generated by the power of the pump, and the
up-flow of seawater in the pipeline is formed to lift the nodules to the mining vessel [30].

From the working principle of the hydraulic lifting system, it is not difficult to see that
the pressure loss to be overcome in the process of mineral transportation mainly includes
tube wall friction loss, local pressure loss, and gravity pressure loss. The main parameters
involved in these pressure losses include mineral particle size, slurry concentration, and
slurry velocity and flow in the pipeline.

The smaller the mineral particle size is, the smaller the sedimentation velocity is; the
smaller the collision energy loss is in the flow process, the higher the fluid transmission
efficiency is, and the higher the system energy efficiency is [31]. However, too small a
mineral particle size will increase the energy consumption of seabed mineral crushing
and reduce mineral recovery. For the exploitation of deep-sea polymetallic nodules, the
exploration results show that the particle size of nodules is generally 20~100 mm. Consid-
ering the flow capacity of pipelines, especially centrifugal pumps, and the requirements
of backflow blocking of pumps in vertical transportation, the maximum particle size of
nodules is usually not more than 35 mm [26].

Slurry concentration affects the productivity and efficiency of the lifting system.
Equation (1) represents the functional relation vessel between the lifting system efficiency
and the conveying volume concentration in hydraulic lifting [4]:

Ps/Psw -1 ]
Jm

where 7 is the lifting system efficiency; Cy is the volume concentration of transported
particles; p; is the density of the wet nodule; ps, is the density of the slurry; J;; is the total
hydraulic gradient of the lifting system.

The lower the concentration of minerals, the more seawater needed to transport
the same volume of minerals, resulting in more energy consumption; so the higher the
concentration of minerals, the more efficient the system. However, it can be seen from
Equation (1) that when the conveying concentration Cy increases, the total hydraulic slope
Jm also increases. When the concentration increases to a certain extent, the lifting efficiency
1 does not increase greatly, but has a great influence on the lifting resistance. Taking a
commercial mining system with a water depth of 5200 m as an example, the lifting capacity
of wet nodule per hour is 358 t/h. The calculated lifting system parameters are shown
in Table 1 [4]. From the table we can see that, when conveying volume concentration
Cy > 12%, the efficiency does not increase significantly with the increase of concentration,
while the lifting flow is small and the required head is also large. Therefore, it is suggested
that the lifting concentration of slurry in commercial mining be selected as 12%, and the
calculated system efficiency can reach nearly 70% at this time.

U:Cv{ (1)
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Table 1. Relation between process parameters and volume concentration of 5200 m lifting system.

Volume Flow Rate Q,, Pipe Diameter D Hydraulic Gradient J,, Total Head H . .
Concentration Cy (m3/h) P (mm) Y (mH,O/m) (mH,0) Efficiency 7 (%)
0.10 1790 420 0.1361 694 68.23
0.11 1627 399 0.1483 756 68.88
0.12 1490 383 0.1597 814 69.78
0.13 1396 368 0.1723 883 70.07
0.14 1278 354 0.1842 939 70.58
0.15 1193 342 0.1961 1000 71.03

After the system capacity and slurry volume concentration are determined, the slurry
flow rate in the riser pipe is determined. At the same slurry flow rate, the slurry flow rate
depends on the inner diameter of the lifting pipe. In order to ensure that the polymetallic
nodules can be successfully promoted, the slurry flow rate in the hard pipe and the lifting
pump should be guaranteed to be 3~5 times the settlement speed of nodules. According
to relevant test results and empirical formula, the settling velocity of 30 mm-size mineral
nodules in seawater is about 0.7 m/s, and the velocity of slurry should be controlled at
2.1~3.5 m/s. According to the flow and flow rate, the required pipe diameter can be
calculated. For a capacity of 358 tons per hour wet nodules, if the flow rate is 3.5 m/s,
considering the overall design of the mining system, the pipe diameter should be around
370 mm, which is acceptable for the mining system.

From the above analysis, it is known that the selection of mineral particle size, slurry
concentration, slurry velocity and flow in the pipeline, and the diameter of the conveying
pipeline are restricted by many factors. Under specific mineral and productivity require-
ments, the basic parameters of the lifting system are basically fixed. According to the above
analysis, for the centrifugal pumping system, its slurry lifting concentration is 12%, and the
efficiency can reach nearly 70%.

Considering the transport performance, system efficiency and feasibility of various
lifting systems, the centrifugal pump hydraulic lifting system is the most promising deep-
sea mining lifting system at present.

4. Research Progress of Hydraulic Lifting Technology
4.1. Basic Composition of Hydraulic Mining System

Based on the latest commercial mining system schemes for deep-sea polymetallic
nodules proposed by various countries, the hydraulic lifting system is determined as
the most promising deep-sea mining technology [32-35]. The hydraulic mining system is
mainly composed of three parts: an overwater support subsystem and lifting subsystem [13].
Figure 4 shows the overall layout of the mining system.

4.1.1. Overwater Support Subsystem

The overwater support subsystem is the activity center of the hydraulic mining system.
In the early stage, it was refitted from an operating vessel with similar performance in the
offshore drilling industry [36]. The overwater support subsystem is an important part of
the whole hydraulic mining system, which covers the overall system control, positioning
control of the vessel, electrical system for kinetic energy supply of lifting equipment,
underwater visual monitoring, mineral pretreatment and storage, and the layout and
recovery of the whole hydraulic mining system [37]. The overwater support subsystem is
responsible for the safe operation of the entire hydraulic mining system and ensures that
the operation objectives of the lifting system are completed on schedule.
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Figure 4. The overall layout of deep-sea hydraulic mining system.
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4.1.2. Lifting Subsystem

The lifting subsystem is mainly responsible for transporting the nodule particles
collected by the underwater ore collection subsystem to the surface support subsystem for
mineral pretreatment and storage. The underwater layout structure of the subsystem is,
from top to bottom: mineral transmission pipeline, deep-sea lifting pump, underwater relay
measurement and control station, power measurement and control system and transmission
hose connected with the ore collection subsystem. The lifting subsystem is also the critical
subsystem of the whole hydraulic mining system. Among them, the deep-sea lifting pump
is the most important component of the whole system. For nearly 30 years since the 8th
Five-Year Plan period in China, various researchers have continuously carried out relevant
technical research on deep-sea lifting pumps [38—42]. During the 13th Five-Year Plan period,
the 702 Institute of the China Shipbuilding Corporation further optimized and innovated
the underwater relay station system, and further improved the independent design ability
of the lifting subsystem in China’s hydraulic mining system.

4.2. Transportation Performance Index and Technical Requirements of Hydraulic Lifting System
under Commercial Mining Conditions

Due to the different distribution of mining areas, the enrichment of deep-sea mineral
resources of different countries are different. Correspondingly, under the commercial min-
ing conditions, the relevant transportability and technical requirements of the underwater
lifting system also are different.

According to the nodule situation in India’s deep-sea mining area and the trans-
portation situation of the hydraulic lifting system, India has preliminarily proposed the
transportation performance indicators for resource mining in its deep-sea mining area as
follows: the current mining depth of the mining area is 500 m, the maximum particle size of
the nodule particles is 25 mm, the maximum slurry concentration transported during lifting
is 30%, and the mining volume of nodule particles is 288 t/day [43]. The performance
index of mineral nodule transportation for the commercial exploitation of deep-sea mining
resources in Japan is a planned annual production of 128,400 t/year. According to the
weather conditions of the mining area in Japan, the mining system is planned to work
268 days a year, that is, an average of 4972 t/day [26].

According to the recommendations of the United Nations Expert Group, the commer-
cial mining production of deep-sea polymetallic nodules in China’s mining areas should
not be less than 3 million tons of dry nodules, that is, the corresponding wet nodules are
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4.3 million tons. In view of this production scale, the international deep-sea mining com-
munity generally recommends one to adopt two sets of mining systems. At the same time,
considering the variability of offshore weather, it is calculated as 250 days per year, that is,
the capacity of each system should be 6000 t/day. The particle size of polymetallic nodules
in the corresponding sea area of China is mostly between 2 and 8 cm, while a few particles
are a full 20 cm. Therefore, the nodule particles transported in the lifting subsystem should
be preliminarily crushed. In the mineral pretreatment in the overwater support subsystem,
too fine nodules cannot be screened. Therefore, the crushing requirements for nodule
particles in the underwater ore collection system are that the particle size after crushing is
between 20 and 50 mm. In order to ensure the safety of China’s hydraulic lifting system
and prevent blockage in the deep-sea lifting pump, China requires that the maximum
particle size of commercially mined polymetallic nodules is 35 mm. With reference to the
transportation experience of land pipelines, it is recommended that the transportation
concentration of the transportation pump in commercial exploitation should be between
10 and 12%.

For the self-designed hydraulic lifting system in China, the core component of the
whole system to transport nodule particles is the deep-sea lifting pump. From the perspec-
tive of structure design, the requirements of the whole conveying system are realized by
designing multiple pumps in series. The opening depth of the commercial exploitation
pump is planned to be 5200 m. Considering that the total length of the deep-sea hard pipe
is 5100 m and the safety factor is taken as 1.05, the corresponding required pump lift is
855 m. According to the lift, 4 pumps are connected in series to meet the requirements.
Thus, the basic technical parameters of commercial mining pumps for polymetallic nodules
suitable for mining areas in China can be obtained, as shown in Table 2.

Table 2. Basic technical parameters of commercial production pump.

Parameter Value
Flow rate 1490 m3/h
Head 240 m
Rotational speed 1450 r/min
Designed efficiency 70%
Working Point efficiency 60%
Maximum passing particle diameter 35 mm
Transport concentration 12%
Dry nodule yield 250t/h

5. The Key Component of the Hydraulic Lifting System—Lifting Pump
5.1. Structural Features and Design Requirements

The hydraulic lifting system includes lifting pipes, lifting pumps, underwater relay
stations, conveying hoses, and other components. The lifting pump is required to pressurize
the ore slurry in the bottom section of the pipe and convey it to the surface deck system. It
has the characteristics of high lift, coarse particles, axial flow, and returnable flow.

Deep-sea mining often requires transporting ore slurry thousands of meters from the
seabed to the surface. High lifting pumps are usually composed of multi-stage pumps
in series. Larger impeller outlet placement angles, forward impeller blades, and outlet
inclination designs can be selected within an appropriate range to improve hydraulic
performance [27]. In order to balance the axial forces, some pumps are designed with the
motor in the middle and the pump body arranged symmetrically, but such designs usually
have backflow problems. A better way to reduce the axial force is to use a balance hole. The
initial ore collected by the mining vehicle can reach more than 100 mm, and the maximum
is about 20 mm after being crushed by the hydraulic crusher. The slurry contains a large
amount of coarse particles of more than 5 mm. When the crushing fails randomly, there
may even be some extremely large particles. Therefore, it is necessary for the pump to have
a wider flow channel and strong particle flow capacity. To this end, the lifting pump can
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be designed with a widened flow channel and a smaller number of blades. As shown by
the installation form, the central axis of the lifting pump and the motor must be arranged
to coincide. The suction inlet and outlet of the centrifugal pump are usually coincident
with the central axis of the pipeline. The axial force is balanced by the pulling force of
the pipeline, and the kinetic energy of the inlet and outlet can be used to the maximum
extent to reduce the hydraulic loss. In order to ensure safety, the lifting system needs to
have reflux capacity under emergency conditions, and the ore needs to flow back when
the lifting pump is stopped to ensure that it will not be stuck when it is restarted next
time [44]. To meet the above requirements, the specific design parameters of the six-stage
lifting pump proposed by China’s 13th Five-Year National Key R & D Program are shown
in Table 3 [45], and the design schematic diagram is shown in Figure 5. The enlarged flow
design method is adopted to widen the flow channel, and the hydraulic components are
designed in combination with the “equal power” and velocity coefficient method.

Table 3. Design parameters of China’s “13th Five-Year Plan” lifting pump.

Parameter Value Parameter Value
Designed flow rate 720 m3/h Rated flow rate 420m3/h
Designed head 237 m Rated head 270 m
Designed efficiency 70% Rated efficiency 52%
Designed shaft power 680 kW Rated shaft power 640 kW
Rotational speed 1450 r/min specific speed 150
Max1rr}um particle 20 mm Rated slur.ry 5% C,
diameter concentration

Cy is the volume concentration of transported particles.
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Figure 5. Design schematic of China’s “13th Five-Year” six-stage lifting pump.

The working conditions of seabed mining are complex and the flow rate fluctuates
greatly, so the pump needs to be designed with “equal power”. When the flow rate deviates
from the rated flow point by 50%, the pump power load fluctuation generally does not
exceed 10%. The fluctuation of the lift also avoids a large steep drop and prevents the
pipeline transportation from being blocked due to insufficient kinetic energy of pipeline
transportation [27].
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5.2. Current Status of Simulation Research on Solid-Liquid Two-Phase Flow of Lifting Pump

The lifting pump lifts lots of broken nodules and seawater to the surface support
system, which is a complex two-phase turbulent flow. At present, there are mainly three
types of models in the simulation research of solid-liquid two-phase flow, the Lattice
Boltzmann model, the Euler-Euler model, and the Euler-Lagrange model. The Lattice
Boltzmann model is suitable for ultrafine particle dynamics simulation and is mainly
used in theoretical physics research [46]. The Euler—Euler model makes discrete particles
continuous and is suitable for the simulation of fine particles with high concentration
and uniform particle size distribution [47]. The Euler-Lagrange model is the mainstream
solid-liquid two-phase flow simulation method currently used in engineering research,
which can track the force, trajectory, and other parameters of any particle [48].

The solid-liquid two-phase flow simulation based on the Euler-Lagrange model cur-
rently mainly includes two simulation methods, CFD-DPM and CFD-DEM, both of which
use the Lagrange particle tracking method to simulate nodule particles. The difference is
that DPM ignores the particle volume, while DEM considers the impact factors such as par-
ticle volume collision and volume fraction through the soft sphere model, which improves
the accuracy and reliability of large particle motion and particle dynamics simulations,
especially suitable for simulating particle dynamics research of low concentration (volume
concentration less than 10%) and coarse particle slurry transportation. In the CFD-DEM
coupling simulation of the lifting pump, the particles with a particle size below 3 mm are
usually ignored or regarded as a homogeneous slurry mixed with seawater to improve the
calculation speed. It was found by Wang [49] et al. that the particle size mainly affects the
vortex strength in the pump, and has a limited impact on the hydraulic performance after
the calculation and analysis of the solid-liquid two-phase unsteady flow of a single-stage
deep-sea mining lifting pump based on CFD-DEM. Ning [50] analyzed and compared
the CFD-DEM calculation results with the particle velocity test results (Particle Image
Velocimetry (PIV)), and when the grid was dense enough, the simulation results were very
close to the experiments, which fully verified that CFD-DEM was effective in simulating
particles Accuracy and reliability of kinetics. Deng [27] artificial particle distribution, parti-
cle dynamics, and slurry hydraulic performance through CFD-DEM, and compared the
experiment, and found that the error of CFD-DEM coupling simulation of slurry hydraulic
performance can be controlled within 2%. Huang [51] artificial the volute centrifugal pump
under different flow rates based on the EDEM-Fluent coupling platform. When using
the Archard wear model, the wear of volute was the largest, accounting for 70% of the
total wear. Hu [46] analyzed the particles with different particle sizes in the multistage
centrifugal pump by CFD-DEM. The introduction of particle bonding made the simulation
more realistic, and the results were highly consistent with the experiment. The result of
lifting pump CFD-DEM particle dynamics simulation is shown in Figure 6.
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Figure 6. Lifting pump CFD-DEM particle dynamics simulation.
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DPM and the DDPM model optimized based on DPM are suitable for simulation
scenarios such as high-concentration small particles and pump wear, and can simulate
the lifting pump to transport high-concentration slurry containing small particles with
a particle size of less than 1 mm. The local slurry velocity in the lifting pump is as high
as 20 m/s, and the wear of the overcurrent components is a problem that needs to be
considered in the design [52]. Using the DPM model, R. Tarodiya [53-55] et al. simulated
the delivery of fine particles (<1 mm) by a volute mud pump, and combined it with SEM
scanning electron microscopy to analyze the different failure modes of the worn surface.
It was found that the wear in the pump was affected by the particle distribution and the
impact angle. Using the Finnie wear model, it was predicted by Liu [56] et al. that the wear
rate of the over-flow components of the diffusers deep-sea lifting pump under different
flow rates, rotational speeds, and different particle concentrations. It was found that the
wear rate of the impeller of the diffusers centrifugal pump with the increase of flow rate,
the impeller casing wear, and vane working face are the most serious, while the wear rate
of the guide vane does not increase significantly, and the wear caused by conveying 10 mm
particles is the least.

5.3. Progress in Development and Test Research of Lifting Pump Prototype

Lifting pumps in deep-sea mining operations need to transport large particle size
distributions in vertical pipelines over a thousand meters, including micron-sized particles
to particles with a possible maximum directional size close to 100 mm. The working
environment is harsh, and the collision and wear of the overflowing mud on the pump
are different from those of ordinary land pumps. The lifting pump needs to consider
various complex working conditions such as flow fluctuation, load balance, and emergency
return flow.

In the 1970s, German KSB launched a preliminary study, combining the advantages
of centrifugal pumps and axial flow pumps with a compromise design, designed three
six-stage mixed-flow pumps as shown in Figure 7 [57], and proposed a double suction port.
The series 12-stage pump design can deliver a maximum particle size of 25 mm and a rated
flow of 500 m?®/h. In 1978, the OMI and OMA Group carried out deep-sea polymetallic
nodule sea trials of 5200 m and 4570 m, respectively. Fifty tons of minerals were collected
by OMI using a six-stage centrifugal pump designed and developed by the KSB Group.
During the test, the problem of wear and failure of the lifting pump was found. In 1986,
an eight-stage lifting pump of the same type based on the successfully tested two-stage
pump was manufactured by Japan’s Ebara Company. The pump design flow was 450 m3/h
and the total hydraulic lift was 376 m. During the test, it was found that the pump had a
problem of backflow blockage [58].

From 2001 to 2005, the China Changsha Research Institute of mining and metallurgy
successfully developed a two-stage lifting pump [59], as shown in Figure 8, with the
support of the “Tenth Five-Year Plan” national marine special research program. The pump
is 4.6 m long, the maximum outer diameter is 0.93 m, the specific speed is 198, the lift
of each stage is 45 m when the flow is 400 m3/h, and the internal efficiency of the clean
water pump reaches 60%. The 30 m high lifting comprehensive test system developed in
the “Eighth Five-Year Plan of China” has carried out the slurry conveying test, and the
maximum lifting particle reaches 50 mm, but the pump still has the problem of blockage.
However, it is determined that the future slurry lifting pump in China will take the high
specific speed mixed flow pump as the basic development direction.

In 2012, a diaphragm positive displacement pump was developed by Nautilus Mining
Company and GE Hydil [60], but the pump was not actually put into sea trial production
due to the problem of diaphragm life in subsequent tests. In June 2016, a five-stage slurry
pump with high specific speed was developed by China’s Changsha Institute of Mining
and Metallurgy, and a 300-m lifting pump pipe test in the South China Sea was successfully
carried out [61]. The volume flow rate of conveying slurry reached 500 m?/h, and the
amount of tuberculosis was 50 t/h. In general, the hydraulic pipeline lifting system driven
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by multi-stage centrifugal pumps is still the mainstream technical solution for vertical
transportation of deep-sea polymetallic nodules mining. In 2018, a two-stage centrifugal
deep-sea mining pump (as shown in Figure 9) was developed by Central South University
under the funding of the National Key R&D Program. After testing, the design was
improved and a six-stage centrifugal pump of the same type was developed in 2019 (as
shown in the Figure 10). The pump successfully carried out the slurry transportation
experiment in the land test site. The conveying slurry flow rate is 425 m?/h, the test slurry
concentration is 8.6%, and the wet nodules are transported at 73 tons per hour, and the
maximum conveying particle size is 23 mm.

Non return volve

Suction casing
— Pump shaft

Sleeve coupling
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—Rodiol seol ring
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Figure 8. A two-stage lifting pump of China.
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Figure 10. A six-stage centrifugal deep-sea mining pump of Central South University: (a) Slurry test
site; (b) Clear water test site.

Deep-sea mining engineering requires a collection vehicle to collect and crush deep-sea
manganese nodules or cobalt rich crusts, mix them with a certain concentration, and then
transport them to the surface support system by a lifting pump. Since the 1970s, many
countries all over the world have begun to test the development of deep-sea resources
and accumulated rich development experience. In 1990, a 79 m sea trial of the hydraulic
lifting system was conducted by the Moscow Institute of geological exploration, Russia. In
2009, a 100 m sea trial of the transmission system was conducted by the Korea Institute of
Geoscience and Mineral Resources (KIGAM). In 2015, the performances of the lifting pump
and buffer station were tested with a truncated lifting pipe of 500 m by the Korea Research
Institute of Ships and Ocean Engineering (KRISO). In 2017, a 1600 m lifting system sea trial
was conducted by the Japan Oil, Gas, and Metals National Corporation (JOGMEC) [37].

After a lot of preliminary exploration, China proposed the “13th Five-Year Plan” in
2016, and established the “Deep Sea Polymetallic Nodule Mining Test Project” as a key
R&D plan. The project focuses on efficient, non-clogging long-distance transportation,
green and safe transportation research of ore collection and crushing, deployment, and
recovery in complex sea conditions, and intelligent monitoring and analysis in complex
environments. Led by the China Oceanic Association, it brings together the research
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forces of more than ten institutions including the Changsha Research Institute of Mining &
Metallurgy, Central South University, China Shipbuilding Industry Group, and Shanghai
Jiao Tong University. During the period, Central South University and the Changsha
Research Institute of Mining & Metallurgy successfully developed two sets of two-stage
slurry lifting pumps, respectively, and obtained two sets of six-stage centrifugal pumps
after improving the design after the test. Among them, the six-stage lifting pump of
Central South University has a rated hydraulic lift of 270 m, a flow of 420 m3/h, and a
rated slurry volume concentration of 5%. The project comprehensively developed China’s
independent innovation of a deep-sea polymetallic nodule mining test system, and from
June to July 2021, a system-wide comprehensive test was carried out in the South China Sea,
collecting 1166 kg of polymetallic nodules at a depth of 1306 m. It is also the world’s first
offshore test of deep-sea polymetallic nodule mining connected by a tracked self-collecting
vehicle-hydraulic pipe lift-deck support system.

6. Conclusions

(1) The lifting system is a critical part in the mining of deep-sea mineral resources, and
commercial mining puts forward requirements for large particles, long distance, vertical trans-
portation, high production capacity, low energy consumption, and environmental protection.

(2) The capacity and energy efficiency of the pneumatic pipeline lifting system can be
restricted in practical applications, and its efficiency is only 15%, which is far lower than
that of the hydraulic lifting system, and the large amount of water reinjection is also an
unfavorable factor. Therefore, considering the conveying performance, system efficiency,
and implementation feasibility of various lifting systems, the centrifugal pump hydraulic
lifting system is the most promising deep-sea mining lifting system.

(3) Under the condition of commercial mining, the hydraulic lifting system is supposed
to have a conveying capacity of 250 t/h and a conveying concentration of between 10% and
12%. The design requirements of its key component lifting pump are a high head, coarse
particles, axial flow, and reflux. It can be designed by using the “amplified flow” design
method, “equal power” design method, and velocity coefficient design method, and the
simulation analysis of solid-liquid two-phase flow based on the Euler-Lagrange model.
From June to July 2021, the deep-sea polymetallic nodule mining sea trial was conducted
in the South China Sea using the six-stage electric lifting pump independently developed
by China. A total of 1166 kg polymetallic nodules were collected at 1306 m of water depth.
Considering the transport performance, system efficiency, and feasibility of various lifting
systems, the centrifugal pump hydraulic lifting system is the most promising deep-sea
mining lifting system at present.

At present, there is no mature exploitation model for global marine mineral resources,
and large-scale commercial mining has not been realized, because of complex seafloor
topography, extremely high pressure, and the existence of waves, currents, internal waves,
and other complex marine environmental conditions, which put forward extremely high
safety requirements for the operating equipment and the mining process of multi-system
cooperative control, and joint operation is more difficult. However, countries around the
world are accelerating the research on key technologies of deep-sea mineral mining. The
technical scheme of centrifugal pump hydraulic lifting transportation proposed by China’s
polymetallic nodule mining pilot project has been verified by sea trials, and there are no
insurmountable technical obstacles in general. It is of great significance to promote the
process of commercial mining to realize the safety, economy, and environmental protection
of deep-sea mining operations.
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