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Abstract

Flexible hoses connecting seabed mining vehicles to relay stations must remain suspended,
limit vehicle loads, satisfy bending constraints, and maintain stable slurry transport. This
study combines a lumped mass hose model, time domain vehicle motion analysis, and
sequential structural-to-flow coupling with CFD–DEM to determine the safe operating
domain of a 220 m single-arch hose. Thirteen buoyancy layouts were screened using seabed
clearance, effective tension, curvature, and vehicle loads. Among the tested layouts, a buoy-
ancy section extending from the vehicle end to 0.6L provided the best compromise. During
outward travel, turning-induced peaks governed structural safety; after path optimization,
the peak longitudinal and lateral hose loads were 17.78 and 22.38 kN, respectively, and
the minimum bending radius remained above 2 m. At a reference slurry velocity of 5 m/s
and solid volume fraction of 10%, a 40 m vehicle–relay spacing produced strong particle
slip and concentration rebound near the lower bend, whereas 197 m promoted particle
accumulation and a thicker moving bed. Integrating structural and conveying constraints
yielded a recommended horizontal spacing of 80–160 m. Scaled pool tests and a published
vertical pipe benchmark supported the numerical approach. The resulting domain provides
a practical basis for path boundary design under the assumptions adopted here.

Keywords: deep-sea mining; polymetallic nodules; flexible hose; hose configuration;
lumped mass method; CFD–DEM; safe operating domain

1. Introduction
The rapid deployment of low-carbon technologies is increasing global demand for

critical minerals such as copper, cobalt, and nickel. The International Energy Agency
projects that, under current policy settings, demand for copper, cobalt, and nickel in 2040
will reach approximately 1.3, 1.5, and 1.7 times the 2024 levels, respectively [1]. Against
this background, deep-sea polymetallic nodules have attracted sustained attention because
of their wide distribution and enrichment in multiple valuable metals [2]. Since the 1960s,
several mining concepts including drag bucket, continuous rope bucket, and shuttle vehicle
systems have been proposed and tested [3]. Subsequent sea trials by consortia such as OMI
and OMA demonstrated the engineering feasibility of pipeline-based lifting systems [4].
Among pneumatic and hydraulic lifting concepts, hydraulic transport is generally favored
for its higher conveying efficiency [5]. In a typical system, a tracked seabed mining vehicle
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collects nodules and transfers the slurry through a flexible hose to an underwater relay
station, after which a rigid riser transports the slurry to the surface vessel [6]. The flexible
hose is therefore a key interface between mobile seabed equipment and the lifting system:
it must accommodate vehicle motion, remain clear of the seabed, limit loads transmitted to
the vehicle, satisfy bending limits, and maintain stable internal slurry transport [7].

Distributed buoyancy is commonly used to form wave-shaped or single-arch hose
configurations and to reduce direct seabed contact. Previous studies have shown that
buoyancy magnitude and installation position strongly affect hose geometry, end tension,
curvature, and the loads transmitted to mining vehicles [8]. Fully suspended wave configu-
rations can reduce seabed abrasion and sediment disturbance and are therefore attractive
for deep-water applications [9,10]. Wang [11] and Oh et al. [12] investigated the influence
of buoyancy distribution on single-arch hose configuration and end tension. Xiao [13]
established a kilometer-scale lifting system finite element model and proposed preferred
initial hose configurations. Peng et al. [14] analyzed the dynamic response of flexible hoses
for different operating ranges and travel paths, while Chen et al. [15] showed that vehicle
speed and motion pattern can significantly alter hose configuration and vehicle loads. Fu
et al. [16,17] evaluated buoyancy arrangements from the perspective of vehicle ground
pressure and horizontal drag, and Song et al. [18] examined the sensitivity of hose curva-
ture, stress, and vehicle loading to operating parameters. Zou et al. [19] analyzed flexible
hose mechanics over complex terrain using the absolute nodal coordinate formulation.
OrcaFlex-based studies have also been used to evaluate global tension and bending radius
distributions and to support digital twin development for deep-sea lifting systems [20,21].

However, structural safety alone does not guarantee reliable slurry transport. Most
hydraulic transport studies focus on vertical or inclined rigid pipes, whereas particle
transport in strongly deformed flexible hoses remains less well characterized. Preliminary
studies on the conveyance of solid particles in pipelines have primarily focused on the
suspended flow of fine particles such as pulverized coal and sediments. Cao et al. [22] relied
on extensive physical experiments to optimize conveyance parameters and thereby solve
practical engineering problems. Experimental studies by Yoon et al. [23–25] demonstrated
that particle size and solid volume fraction affect hydraulic gradient and pressure drop
in flexible hoses. Parenteau and Lemaire [26] reported higher pressure requirements in
S-shaped pipelines than in horizontal pipes, and Murai et al. [27] showed that internal
flow can influence the dynamic behavior of flexible risers. Wang et al. [28] found that
flow resistance is sensitive to slurry concentration, conveying velocity, and, under some
conditions, buoyancy configuration. CFD–DEM studies have subsequently been used to
resolve particle velocity, local concentration, and moving bed behavior in curved or flexible
pipelines [29–32]. These findings indicate that hose geometry, structural response, and
internal particle transport should be considered together when defining the allowable
operating range of a seabed mining vehicle.

Two gaps motivate the present study. First, buoyancy layout optimization and mining
vehicle path constraints are often treated separately, although vehicle motion continuously
changes hose tension, curvature, and load direction. Second, internal two-phase flow
safety is rarely used as an additional geometric constraint when defining the vehicle
operating region. To address these gaps, a 220 m single-arch mining hose is studied using
a sequential multi-model framework. Thirteen buoyancy layouts are first screened using
lumped mass static and dynamic simulations in OrcaFlex. The resulting vehicle loads
and minimum bending radii are used to identify the structurally feasible travel range.
Centerline geometries at five representative vehicle–relay horizontal separations are then
transferred to CFD–DEM models to evaluate particle velocity and local solid concentration
under a reference transport condition. Finally, the structural and conveying constraints
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are integrated to define a distance-based safe operating domain. Scaled hose tests and
a published vertical pipe benchmark are used to assess the numerical models. Waves,
cross-currents, seabed undulations, and vehicle–sediment dynamic coupling are neglected;
therefore, the derived domain is specific to the equipment parameters and modeling
assumptions adopted here.

2. Materials and Methods
The overall research workflow is outlined as follows:

1. Thirteen buoyancy layouts are compared using a static lumped mass hose model,
and configurations associated with seabed contact or negative end effective tension
are excluded.

2. Time domain simulations are performed for the remaining layouts as the mining
vehicle moves away from and toward the relay station; longitudinal, lateral, and
vertical vehicle loads together with the minimum hose bending radius are used as
structural safety criteria.

3. Centerline coordinates of five representative hose configurations are transferred from
OrcaFlex to CFD–DEM models to evaluate solid–liquid transport at a reference con-
veying velocity and solid volume fraction.

4. The structural and conveying constraints are integrated to define a feasible horizontal-
distance range and a corresponding distance-based operating domain around the
relay station.

The coupling between the structural and flow models is sequential and one-way: the
hose geometry obtained from OrcaFlex is used to construct the CFD–DEM flow domain,
whereas the CFD–DEM results are not fed back to update hose deformation. Within the
CFD–DEM solver, however, fluid–particle momentum exchange is treated through the cou-
pled Eulerian–Lagrangian formulation. Because the environmental model is horizontally
isotropic (flat seabed, fixed relay station, and no cross-current), static configurations with
the same horizontal separation are equivalent under horizontal rotation. This permits the
distance criterion to be represented as a first-order annular domain; actual trajectories must
still satisfy the dynamic turning constraints evaluated in the time domain analysis.(Software
versions used: Oracflex 11.4d, Flent 2022 R1and EDEM 2021.2).

2.1. Lumped Mass Dynamic Calculation for Flexible Hoses

The static calculation determines the equilibrium position and orientation of each
hose segment and provides the initial state for subsequent time domain analysis. In
the lumped mass formulation, the hose is discretized into massless straight segments
connected by nodes at which mass, submerged weight, buoyancy, and hydrodynamic loads
are concentrated (Figure 1). Axial, torsional, and bending responses are represented by
equivalent spring–damper relationships between adjacent segments and nodes [33,34].

The nodal load calculation proceeds in five stages. First, the effective tension Te in
each segment is calculated as follows:

Te = TW + (poao − piai), (1)

where Tw is the wall tension; po and pi are the external and internal pressures, respectively;
and ao and ai are the external and internal stress areas, respectively. Second, the bending
moment Mb is calculated from

|Mb| = BM(|c|) + d′
d|c|
dt

, (2)
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where BM(|c|) denotes the constitutive relationship between bending moment and curva-
ture. Third, after the bending moments at the two ends of a segment have been obtained,
the shear force fs is calculated as

fs = sz ×
1
l
(Mb2−Mb1), (3)

where sz is the unit vector along the segment, l is the instantaneous segment length, and Mb1

and Mb2 are the bending moment vectors at the two segment ends. Fourth, the torsional
moment Mt is calculated as

|Mt| = k
τ0
l0

+ktt ϵ+c
dτ

dt
, (4)

where k is the torsional stiffness, τ0 is the segment twist angle, l0 is the unstretched segment
length, ktt is the tension–torsion coupling coefficient, ϵ is the mean axial strain, c is the
torsional damping coefficient, and dτ

dt is the twist rate.

Figure 1. Lumped mass representation of the flexible hose: (a) physical hose and discretized line
model; (b) equivalent spring–damper representation at a node.

2.2. Traction Resistance Analysis of Mining Vehicles

The traction demand of the tracked mining vehicle comprises internal transmission
resistance and external resistance associated with seabed deformation, grade climbing, turn-
ing, hydrodynamic drag, and the flexible hose [35]. The following expressions are used to es-
timate the principal resistance components and to define the allowable hose-induced loads.

Seabed Soil Resistance
Soil resistance includes compression resistance and bulldozing resistance. Compres-

sion resistance is calculated as

Rc = bt

∫ Z∥

0
σdz, (5)

where σ denotes the shear strength of seabed sediments (Pa), bt represents the total width
of the tracks (m) and Z∥ represents the indentation depth (m). A simplified calculation can
be performed for the compressive resistance mentioned above.

Rc = bt·Z∥·σ, (6)

Bulldozing resistance Rb:

Rb = 2bZ∥τ[tanδ+tan(φ−δ)], (7)
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where φ is the angle of internal friction of the sediment, which is approximately 3◦~5◦, and
τ is the shear strength of seafloor sediments, which is approximately 2.5~3 kPa [35], where
the relevant geometric parameter is the track entry angle.

δ=arccos(1−
Z∥
rd

), (8)

Climbing Resistance:
FP = 9.8Wsinα, (9)

Turning Resistance:
The turning resistance of deep-sea tracked mining vehicles is expressed as FH:

FH = 9.8
µWL

2b
[1−(

2e
L

)
2
]
2

, (10)

where µ is the friction coefficient between tracks and deep-sea soft sediments, and
µ = 0.08 [35].

Seawater Hydrodynamic Drag:
The classic drag force formula is adopted FW:

FW =
1
2

ρKWAV2, (11)

where the seawater density ρ = 1025 kg/m3.
Flexible Hose Traction Resistance
A large horizontal pulling force will be exerted on the mining vehicle when the

tensioned hose forms an inclination angle larger than 45◦. In engineering design, this
horizontal force FG is generally limited to less than 10% of the total vehicle traction [35].

The total required traction is the superposition of all resistance components:

Fqmax = Rc + Rb + FW + FP + FH + FG, (12)

Travel Performance Verification
Assuming uniform ground pressure distribution on the tracks, the maximum thrust

that soft seabed sediments can provide is

Ftmax = A2τ(1+
2hc

b
), (13)

where A2 stands for the total contact area of the tracks.
Normal travel can be guaranteed only if the following criterion is satisfied:

Fqmax≤Ftmax, (14)

The above condition is satisfied for the vehicle parameters used in this study. After
accounting for the additional resistance of the collection head and concentration device,
the maximum design traction of the travel system is 180 kN. The allowable longitudinal
hose resistance is therefore set to 18 kN. For lateral stability, a static overturning check with
a safety factor of 3 gives an allowable lateral hose load of 40.9 kN [35]. The vertical hose
force is additionally required to remain below the available submerged normal load so that
seabed contact is maintained. Together with the 2 m minimum bending radius specified
for the hose, these limits form the structural screening criteria used in the subsequent
path analysis.
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2.3. CFD–DEM Solid–Liquid Two-Phase Governing Equations

Seawater is considered an incompressible Newtonian fluid. The fluid phase satisfies
the Navier–Stokes equations for mass conservation and momentum conservation:

∇ · u = 0, (15)

∂u
∂t

+u·∇u=− 1
ρf
∇p+v∇2u+fg+fpf, (16)

where ρ f is the liquid density, u is the liquid velocity, t is time, v is the kinematic viscosity,
fg is the gravitational acceleration, and fp f is the particle–fluid momentum exchange term.

Because the liquid density is assumed constant,
∂ρf
∂t =0.

In the coupled CFD–DEM calculation, the translational and rotational motions of each
particle are solved in the discrete element solver according to the Newton–Euler equations.
At the relatively low solid concentration considered here, the dominant contributions are
particle weight, interparticle contact forces, and fluid-induced forces and moments. The
governing equations for an individual particle are

mi
dui
dt

= Ff−p
i +

k

∑
j=0

(
Ftp

ij + Fnp
ij

)
+ mig, (17)

Ii
dωi
dt

=
k

∑
j=0

Mp
ij + M f−p

i , (18)

where mi, ui, Ii, and ωi are the particle mass, translational velocity, moment of inertia, and
angular velocity, respectively; Ftp

ij and Fnp
ij are the tangential and normal contact forces

acting on particle i because of contact with particle j; k is the total number of particles; mig
is the gravitational force on particle i; Mp

ij is the contact torque between particles i and j;

and M f−p
i and F f−p

i are the fluid-induced torque and force on particle i, respectively. The
principal fluid forces considered in the pipe include drag, virtual mass, pressure gradient,
Magnus lift, Saffman lift, and Basset history forces. Their resultant F f−p is expressed as

F f−p = FDrag + Fvm + FP + FMagnus + FSu f f man + FBasset, (19)

2.4. Numerical Simulation Models and Working Conditions
2.4.1. OrcaFlex Lumped Mass Pipeline Model

The numerical model constructed in OrcaFlex includes tracked mining vehicle,
220 m flexible conveying hose, simplified underwater relay station and 22 discrete buoyancy
modules. Seawater density is set as 1025 kg/m3, and operating water depth equals 5000 m.
Assume that the mining truck weighs 40 metric tons on land and 15 metric tons underwater,
and measures 10 m long, 5 m wide, and 3 m high. Ocean waves and cross currents are
excluded to isolate the independent effects of buoyancy layout and miner relay distance.
Homogeneous ore slurry with equivalent density of 1126.5 kg/m3 and bulk velocity of
5 m/s is adopted to equivalently represent steady internal flow loads (Figure 2).

The main vehicle parameters are summarized in Table 1. The travel speed is fixed at
0.5 m/s. Two motion phases are considered: movement away from and movement toward
the relay station. The initial return mining path uses a 10 m minimum turning radius and a
120 m single-pass distance in the Y direction; this path is subsequently modified using the
structural and internal transport constraints (Figure 3).
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Figure 2. Schematic diagram of deep-sea mining flexible hose conveying system.

Table 1. Main design parameters of the tracked deep-sea mining vehicle.

Parameter Value

Mass in air 40 t
Equivalent submerged mass 15 t

Longitudinal center-of-gravity offset 0.1 m
Projected frontal area 15 m2

Sinkage, ZII 0.2 m
Mean ground pressure 6.57 kPa

Track width, b 1.6 m
Ground contact length per track, l 7 m

Travel speed, V 0.5 m/s
Maximum grade angle, α 10◦

Minimum turning radius 10 m
Maximum negotiable obstacle height 0.5 m
Maximum negotiable obstacle width 1 m

Longitudinal track inclination 2◦

Track gauge 3.4 m
Grouser height, hc 0.12 m

Front-wheel outer radius, rd 0.52 m

Figure 3. Schematic of initial planned mining travel path (black: miner moving away; red: miner
approaching).

The hose has a total length of 220 m and is discretized into 440 uniform segments of
0.5 m, resulting in 441 nodes. End A is rigidly connected to the mining vehicle at (0,0,3) m

https://doi.org/10.3390/jmse14171628
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in the vehicle-fixed coordinate system. The end fitting orientation is prescribed by azimuth
= 0◦, declination = 0◦, and gamma = 0◦, such that the local end fitting axes are initially
aligned with the vehicle-fixed coordinate axes and the hose no-moment direction Ez is
aligned with the vehicle local +Z direction. Infinite bending stiffness is specified about both
local transverse axes, corresponding to a rigid bending connection. Torsion is not included
in the present line model. End B is rigidly connected to the relay station at a height of 60 m
above the seabed. The seabed is modeled as flat, and an elastic contact model is adopted
for hose–seabed interaction.The hose specifications are shown in Table 2, and the definition
of the buoyancy module arrangement along the hose is shown in Figure 4.

Table 2. Mechanical parameters of flexible conveying hose.

Parameter Value

Length 220 m
Inner diameter 232 mm
Outer diameter 332 mm

Mass per unit length in air 75 kg/m
Drag coefficient 1.2

Axial drag coefficient 0.008
Added mass coefficient 1.0

Axial added mass coefficient 0
Bending stiffness 150 kN·m2

Torsional stiffness 3430 kN·m2/◦

Tensile stiffness 28,000 kN/m
Minimum bending radius 2 m

Figure 4. Definition of the buoyancy module arrangement along the hose.

The buoyancy material is configured in the “Attachment” submodule of the “Line”
object; adjust the weight and volume to achieve the desired buoyancy. If the buoyancy
material provides excessive buoyancy, the local bending radius of the hose may fall below
the permissible limit; conversely, if the buoyancy is too low, it will fail to provide effective
support for the hose. Typically, the buoyancy provided by the material is set to 0.9–1.1 times
the hose’s weight. Therefore, in this study, the density of the buoyancy material is set
to 0.578 g/cm3, with a single unit weighing 438 kg and having a volume of 0.758 m3,
providing approximately 339 kg of net buoyancy. A total of 22 identical buoyancy modules
were uniformly distributed within the prescribed buoyancy section for each layout. For
a buoyancy section extending from S0 to S0 + Lb, the modules were positioned at equal
arc length intervals ∆S = Lb/Nb, where Nb = 22. Accordingly, the arc length coordinate
of the i-th module was Si = S0 + i∆S (i = 1,. . .,22). the buoyancy module layout options
are shown in Table 3. For example, in Scheme 11, Lb = 0.6L = 132 m, giving ∆S = 6 m
and module positions of 6, 12, . . ., 132 m from End A. Thus, only the coverage length and
starting position of the buoyancy section were varied among the 13 schemes, while the
number and physical properties of the buoyancy modules remained unchanged.
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https://doi.org/10.3390/jmse14171628


J. Mar. Sci. Eng. 2026, 14, 1628 9 of 27

Table 3. Buoyancy module arrangement schemes.

Scheme Buoyancy Section Length Start Position End Position

1 1/4L 0 1/4L
2 1/4L 1/4L 1/2L
3 1/4L 1/2L 3/4L
4 1/3L 0 1/3L
5 1/3L 1/3L 2/3L
6 2/5L 0 2/5L
7 2/5L 1/5L 3/5L
8 2/5L 2/5L 4/5L
9 1/2L 0 1/2L

10 1/2L 1/4L 3/4L
11 3/5L 0 3/5L
12 2/3L 0 2/3L
13 3/4L 0 3/4L

2.4.2. CFD–DEM Coupling Two-Phase Flow Model

Centerline coordinate data exported from OrcaFlex are imported into CATIA for three-
dimensional geometric reconstruction of the hose fluid domain (Figure 5). Polyhedral
unstructured meshes are adopted, with five layers of prismatic boundary layers arranged
along pipe walls at a growth rate of 1.2. To improve model convergence and conserve
computational resources, the SIMPLE solver is used to calculate the flow field inside the
pipe. When performing a coupled simulation with Fluent and EDEM, to ensure proper data
exchange between the software packages, Fluent’s time step must be an integer multiple
of EDEM’s time step. In EDEM, the time step is typically set to 20–30% of the Rayleigh
time step; therefore, the EDEM time step was set to 10−4 s, and the Fluent time step to
5 × 10−3 s. Eleven monitoring sections with 0.5 m axial length are evenly distributed along
the hose to extract real-time particle velocity and local solid volume fraction data.

Figure 5. Two-dimensional X–Z geometric profile of single-arch flexible hose for CFD simulation.

The hose inner reinforcement layer is represented as stainless steel with a wall material
density of 7800 kg/m3 in EDEM. Irregular polymetallic nodules are simplified as monodis-
perse spherical particles with a diameter of 20 mm. These dimensions are commonly
used settings for CFD-DEM simulations of deep-sea mining [36]. Particle density and
elastic properties are based on the nodule parameters used in the thesis, and the contact
parameters are taken from published data [37] (Table 4).

Particles are generated in EDEM using a cylindrical generation region located 5 m
downstream of the fluid inlet. The generation region is 1 m long and has a diameter slightly
smaller than the pipe diameter, providing sufficient space for stable particle insertion at
the prescribed inlet concentration. A particle removal plane is placed near the pipe outlet,
and the Remove_particle.dll routine is used to remove particles after they leave the fluid
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domain, thereby avoiding unnecessary particle tracking outside the pipe and reducing
computational cost.

Table 4. Physical and contact parameters of polymetallic nodule particles.

Category Parameter Value

Single particle

Shape Sphere
Diameter 20 mm
Density 2040 kg/m3

Shear modulus 21.3 MPa
Poisson’s ratio 0.40

Particle–particle contact
Restitution coefficient 0.55

Static friction coefficient 0.50
Rolling friction coefficient 0.10

Particle–wall contact
Restitution coefficient 0.48

Static friction coefficient 0.10
Rolling friction coefficient 0.01

The transient fluid phase is solved in double precision using the pressure-based solver,
the realizable \(k\)–\(\varepsilon\) turbulence model, and SIMPLE pressure–velocity
coupling. A velocity inlet and pressure outlet are prescribed at the pipe ends. The inlet
turbulence intensity and turbulent viscosity ratio are set to 5% and 10, respectively. Stan-
dard wall functions are employed, with resulting y+ values ranging from 127.25 to 223.12.
Particle contacts are modeled using the Hertz–Mindlin model. Seawater is specified as the
continuous phase with a density of 1025 kg m−3. The enabled fluid force models include
the Gidaspow drag correlation, Saffman lift, virtual mass force, and pressure gradient
force, with the virtual mass coefficient set to 0.5. Particle rotation is enabled throughout the
coupled calculation.

The total pipeline pressure drop does not show monotonic convergence with mesh
refinement, which is occasionally observed for complex curved two-phase flow simulations.
Although the pressure drop difference between M3 and M4 is only 0.90%, this global
integral indicator alone is not sufficient for judging mesh independence, since the main
conclusions of this paper rely on local flow quantities. Therefore, the local solid concen-
tration ratio cpl/c0 at monitoring section M8 (lower bend region) is supplemented as an
auxiliary convergence metric. The relative change of cpl/c0 drops to 1.3% from M3 to M4.
Balancing computational cost and local field accuracy, mesh M3 (2,450,292 cells) is adopted
for subsequent simulations (Table 5). Figure 6 shows the representative axial fluid velocity
field for a bulk velocity of 5 m/s.

Figure 6. Axial fluid velocity contour of single-arch hose at bulk velocity of 5 m/s, with sectional
sampling windows at key monitoring positions.
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Table 5. Mesh independence test results of CFD fluid domain.

Mesh
Group

Total Mesh
Count

Pipeline
Pressure

Drop (kPa)

Relative Variation
vs.

Previous Group

M8 Section
cpl/c0

Relative
Variation of

cpl/c0

M1 1,466,827 135.0 / 1.271 /
M2 1,865,574 131.2 −2.81% 1.182 −7.00%
M3 2,450,292 133.0 1.37% 1.153 −2.45%
M4 3,351,699 134.2 0.90% 1.138 −1.30%

3. Results and Discussion
3.1. Static Geometric Analysis Under Different Buoyancy Layouts

The 13 buoyancy layouts produce markedly different static configurations (Figure 7).
When the buoyancy section starts at the mining vehicle end and covers less than 0.5L
(Schemes 1, 4, and 6), the upward support is insufficient to keep the entire hose clear of
the seabed. By contrast, when the buoyancy section is shifted too far toward the relay
station (Schemes 3 and 8), the effective tension at both ends becomes negative, indicating
axial compression, and the local end curvature increases to approximately 0.4 m−1. Both
conditions are undesirable for long-term hose operation.

Figure 7. Static Z-height profiles of flexible hoses under 13 buoyancy layout schemes (X = horizontal
distance from mining vehicle).

Increasing the buoyancy section length lowers the arch crown curvature but increases
the curvature of the lower bend; Schemes 9 and 11 show comparatively balanced curvature
distributions. Shifting the buoyancy section toward the relay station raises the arch and
reduces the load transmitted to the vehicle, but it also increases end curvature and can
drive the end effective tension into compression. Table 6 quantifies this trade-off. For
layouts beginning at the vehicle end, the hose load on the vehicle decreases from 43.16 to
11.89 kN as the buoyancy coverage increases from 0.25L to 0.75L. For the 0.25L group,
moving the buoyancy section toward the relay station reduces the vehicle load from 43.16
to 7.91 kN, but changes the end effective tension from positive values to approximately
−2.7 kN. Accordingly, minimum vehicle load alone is not a sufficient optimization objective.
After excluding seabed contact and axial compression cases, Scheme 11 (buoyancy from
0 to 0.6L) is selected as the preferred compromise among the tested layouts because it
maintains full suspension, positive end effective tension, a balanced curvature distribution,
and moderate vehicle loading.
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Table 6. Mining vehicle traction load and terminal effective tension under all static buoyancy schemes.

Scheme Vehicle Load (kN) End A Tension (kN) End B Tension (kN)

1 43.16 43.14 29.07
2 19.21 17.60 17.58
3 7.91 −2.68 −2.70
4 34.52 34.22 28.44
5 10.54 7.73 7.71
6 29.87 29.39 27.57
7 15.28 13.96 13.97
8 6.41 −2.43 −2.45
9 24.33 23.81 23.79

10 7.38 5.03 5.01
11 19.36 18.95 18.93
12 15.90 15.52 15.50
13 11.89 11.65 11.64

It should be noted that Scheme 11 (0–0.6 L buoyancy coverage) is identified as optimal
under the baseline parameters of this manuscript (220 m hose length; total net buoyancy
equal to the submerged hose weight). Its performance will change when key design
parameters are varied. Longer hoses will transmit higher pulling loads to the mining
vehicle and may exceed traction limits. Insufficient total buoyancy brings the risk of
seabed contact. Hence this buoyancy layout cannot be directly copied for arbitrary hose
dimensions. For other hose specifications, the full screening workflow proposed in this
paper should be repeated to obtain suitable buoyancy arrangements.

3.2. Dynamic Mechanical Characteristics During Miner Travel

The hose force acting on the vehicle is resolved in the local vehicle coordinate system
into longitudinal, lateral, and vertical components (Figure 8). The longitudinal component
is compared with the 18 kN traction resistance limit, the lateral component with the 40.9 kN
anti-overturning limit, and the vertical component with the available submerged normal
load. Hose bending is evaluated against the specified minimum bending radius of 2 m.

 
Figure 8. Decomposition of the hose load in the local mining vehicle coordinate system.

3.2.1. Working Condition: Miner Moving Away from Relay Station

As the vehicle moves away from the relay station, the longitudinal, lateral, and
vertical hose loads generally increase with horizontal separation. During straight travel,
the hose load components vary relatively gradually (Figure 9). During turning, however,
the vehicle-fixed coordinate system rotates rapidly with the vehicle heading, whereas the
spatial direction of the hose-end force cannot adjust instantaneously. Consequently, the
projection of the hose force onto the vehicle longitudinal and lateral axes changes abruptly,
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producing pronounced peaks in the corresponding load components. At large vehicle–
relay separations, the increasingly tensioned hose has less geometric compliance, further
amplifying this load redistribution during turning. At Stage 6, several buoyancy layouts
exceed the 18 kN longitudinal limit; by Stage 8, all retained layouts exceed the longitudinal
limit and the 40.9 kN lateral criterion.

Figure 9. Time histories of hose-induced vehicle loads while the mining vehicle moves away from
the relay station. (a) Direction of travel; (b) Lateral; (c) Vertical direction.

During outward travel, the hose-end connections become the critical bending locations.
At Stage 8, the minimum bending radius falls below 2 m for all retained layouts. Layouts in
which buoyancy is concentrated closer to the vehicle generally maintain larger end bending
radii than layouts shifted toward the relay station (Figure 10).

Figure 10. Time evolution of minimum bending radius at pipeline terminals during outward travel.

3.2.2. Working Condition: Miner Approaching Relay Station

As the vehicle approaches the relay station, the hose becomes progressively more
relaxed, and the amplitudes of all three load components decrease. The longitudinal
and lateral loads remain within their allowable limits throughout this phase. The critical
bending locations shift from the hose ends to the arch crown and lower bend, but the
minimum bending radii remain above 2 m for all retained layouts (Figures 11 and 12).

Comparative dynamic analysis indicates that the outward travel stage represents the
high-risk working condition of the whole system. Arranging buoyancy modules adjacent
to the mining vehicle side reduces multi-directional vehicle loads and increases the pipeline
entry inclination angle, stabilizing particle inflow at the hose inlet. Extending buoyancy
coverage effectively cuts vehicle traction loads but raises arch crown height and lowers
overall effective tension; previous research proves higher effective tension improves long-
term geometric stability of hoses [38]. Balancing mining vehicle traction, hose effective
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tension, bending radius and arch elevation, Scheme 11 (0–0.6Lbuoyancy coverage) is
selected as the optimal layout.

Figure 11. Time history loads on mining vehicle when approaching relay station. (a) Direction of
travel; (b) Lateral; (c) Vertical direction.

Figure 12. Time evolution of bending radii at arch crown and bottom during inward travel.

3.3. Influence of Hose Spatial Geometry on Solid–Liquid Two-Phase Flow

Five hose geometric configurations corresponding to horizontal miner relay distances
of 40 m, 80 m, 120 m, 160 m and 197 m are imported into CFD–DEM models. The inclination
angle of 11 axial monitoring cross-sections under each configuration is listed in Table 7.
With rising horizontal spacing, the first ascending segment and middle descending segment
become gentler, and vertical elevation difference between arch crown and arch bottom
decreases. Simulations are carried out at bulk transport velocity of 5 m/s and solid volume
fraction of 10%.

Table 7. Inclination angle (◦) of 11 monitoring sections under five miner relay horizontal spacings.

Monitor
Inclination (◦)

40 80 120 160 197

M1 89.69 82.98 73.36 59.16 36.61
M2 89.62 79.15 65.40 48.22 28.18
M3 83.76 64.17 45.5 29.68 18.23
M4 −6.90 −3.89 −0.80 2.56 7.77
M5 −84.87 −65.33 −45.13 −24.70 −3.08
M6 −89.63 −79.31 −65.15 −45.24 −14.87
M7 −87.16 −73.09 −56.47 −35.89 −9.08
M8 −4.24 −2.63 −0.41 2.57 7.64
M9 85.32 70.58 54.62 37.93 22.47

M10 89.72 81.91 71.14 55.98 33.87
M11 90.00 90.00 90.00 90.00 90.00

Taking the 120 m spacing case as an example, fluid velocity contours at all monitoring
positions are displayed in Figure 13. In ascending segments M2 and M10, solid particles
accumulate at the pipe bottom with lower velocity than the carrier fluid. Following the
minimum flow resistance principle, high-speed fluid concentrates at the upper pipeline
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region. In descending segment M6, particles move faster than seawater, generating high-
velocity flow near the pipe bottom. At arch crown M4 and arch bottom M8, flow patterns
inherit upstream characteristics: fluid kinetic energy converts to gravitational potential
energy at the crown with reduced overall velocity, while the arch bottom presents opposite
flow behavior. Flow stratification gradually weakens at vertical outlet M11 with uniform
particle dispersion. Contours of other spacing cases show similar distribution features and
are not repeated herein.

Figure 13. Schematic layout of 11 flow monitoring sections on single-arch flexible hose with fluid
velocity sampling windows.

A clear gravitational slip pattern is observed: particles lag behind the carrier fluid in
ascending sections but can move faster than the fluid in descending sections. In the com-
pact 40 m configuration, the steep descending segment increases the streamwise component
of gravity acting on the particles. The particles therefore accelerate before entering the lower
bend, where the abrupt change in pipe orientation promotes particle–wall and particle
collisions and causes rapid deceleration. As the vehicle–relay separation in-creases, the
hose becomes flatter, reducing the streamwise gravitational component in the descending
section. Meanwhile, the gentler ascending sections increase particle residence time near
the lower wall and enhance the influence of wall friction. These effects promote persistent
moving bed formation at the larger separations. Among the five tested configurations, the
120 m case exhibits the smallest overall variation in particle velocity (Figure 14).

Figure 14. Axial distribution of particle velocity ratio Vpl/V0 along hose length under five miner
relay horizontal distances (LM = axial distance from hose inlet).
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Using a spacing of 120 m as an example, particle velocity contour plots for different
monitoring locations are presented (Figure 15). Based on the subsequent analysis, velocity
contour plots for other operating conditions are similar and will not be listed individually.
Local solid volume fraction ratio cpl/c0 presents opposite variation trends against particle
velocity: higher values in ascending segments and lower values in descending segments
(Figure 16). The 40 m high-curvature compact hose triggers severe local concentration
rebound at the arch bottom after high-speed particle inflow. The 197 m flat configuration
generates thick particle moving beds in the first ascending segment with significant solid
accumulation due to insufficient gravitational acceleration in descending sections. Fluctu-
ation amplitudes of particle concentration under 80 m and 160 m spacing remain within
acceptable ranges, while the 120 m case achieves minimum overall concentration oscillation.
Under the reference transport working condition, the optimal horizontal spacing between
mining vehicle and relay station is constrained within 80–160 m from the perspective of
internal two-phase flow stability.

Figure 15. Particle velocity contour plots at different monitoring locations spaced 120 m apart.

Figure 16. Axial distribution of local solid concentration ratio cpl/c0 along hose length under
five miner relay horizontal distances (LM= axial distance from hose inlet).

In summary, the relative horizontal distance between mining vehicle and relay station
drastically alters hose spatial geometry, leading to distinct solid–liquid two-phase transport
behaviors inside the pipeline. For the equipment and transport parameters adopted in this
research, the recommended safe horizontal spacing between miners and underwater relay
stations ranges from 80 m to 160 m.

3.4. Determination of Mining Vehicle Safe Operation Zone Under Coupled Dual Constraints

The initial travel path is first modified to avoid regions that violate the longitudinal
traction limit, lateral stability limit, or minimum bending radius (Figure 17). The maximum
single-pass distance in the Y direction is increased to 160 m in the revised path while
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maintaining the required turning radius. Time domain simulation of the revised path
gives a maximum total hose force of 32.26 kN. The peak longitudinal, lateral, and vertical
components are 17.78, 22.38, and 22.44 kN, respectively; the first two remain below their
allowable limits, and the vertical component remains well below the vehicle submerged
normal load. The minimum bending radii at End A, End B, the arch crown, and the lower
bend all remain above 2 m (Figures 18 and 19). The critical bending location shifts from the
crown/lower bend at short separation to the hose ends at large separation, which is useful
when selecting locations for structural monitoring.

Figure 17. Optimized full travel path of deep-sea mining vehicle after structural constraint screening.

Figure 18. Time history curves of total hose traction, longitudinal, lateral and vertical loads on mining
vehicle along optimized travel path.

The final distance-based operating domain is obtained by intersecting the structural
and conveying constraints. The outer boundary of 160 m is governed primarily by the
growth of vehicle loads and the reduction in hose-end bending radius at large separation.
The inner boundary of 80 m excludes the compact, high-curvature configurations associated
with large particle slip and strong concentration rebound near the lower bend. Under the
flat seabed, no cross-current, horizontally isotropic assumptions, this 80–160 m interval can
be rotated about the relay station to form a first-order annular feasible domain (Figure 20).
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The annulus is not, by itself, a complete path guarantee: vehicle heading, turning events,
and transient loads must still be checked for any specific trajectory.

Figure 19. Minimum bending radii at End A, End B, the arch crown, and the lower bend along the
revised path (red dashed line: 2 m limit).

Figure 20. Distance-based annular operating domain for the present model (inner radius: 80 m; outer
radius: 160 m).

4. Experimental Validation
4.1. Scaled Pool Test for Hose Geometric Configuration

A 1:100 geometric scaled water tank test platform is constructed to validate the capac-
ity of the lumped mass numerical model to reproduce hose geometric variations induced
by buoyancy layout and miner relay distance. This test only serves for qualitative trend ver-
ification instead of complete full-scale deep-sea dynamic similarity assessment (Figure 21).
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Figure 21. Schematic diagram of 1:100 scaled water tank experimental setup for flexible hose
configuration test.

The transparent glass tank is 8 m long, 1.5 m wide, and 1.5 m high, with an 18 mm
wall thickness; the water depth is maintained at 0.9 m. End B of the scaled hose is fixed
0.65 m above the tank bottom, and End A is connected to a scaled mining vehicle model
that is translated horizontally by a winch. The test hose is a 2.2 m long PVC steel wire tube
with an inner diameter of 10 mm, outer diameter of 15 mm, and linear mass density of
0.145 kg/m. Cubic buoyancy blocks with a 20 mm × 20 mm cross-section are installed at
three representative positions (Figure 22 and Table 8).

 

Figure 22. Main experimental components of scaled pool test: (a) overall glass water tank; (b) PVC
scaled flexible hose; (c) cubic buoyancy module.

Table 8. Three buoyancy block layout schemes for scaled test hose (distance from End A).

Scheme Distance from End A (cm)

1 55
2 73
3 88

4.1.1. Development of the Simulation Model

A matched numerical model is built in OrcaFlex with identical geometric and mechan-
ical parameters as the scaled experimental hose for comparative analysis (Figure 23).
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Figure 23. OrcaFlex model corresponding to the scaled water tank experiment.

4.1.2. Comparative Analysis of Experimental and Simulated Geometries

For buoyancy Scheme 1 with horizontal miner relay distance of 1.2 m, the average
absolute error of vertical coordinate at 10 sampling points equals 0.034 m, root mean square
error reaches 0.048 m, and maximum single-point absolute error is 0.10 m. X-coordinates
are preset fixed sampling positions and excluded from error evaluation. With increasing
horizontal spacing, the arch crown height declines and arch bottom elevation rises, with
the hose overall flattening gradually (Figure 24).

Figure 24. Comparative X–Z geometric profiles of test (scatter) and simulation (solid line) under
Scheme 1 at four horizontal spacings (a–d).
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With buoyancy blocks moving farther from the mining vehicle end (Schemes 2 and 3),
buoyancy action points shift toward the hose mass center, lifting both arch crown and
arch bottom elevation (Figures 25 and 26). At horizontal separation of 1.2 m, arch crown
heights of the three schemes are 0.54 m, 0.73 m and 0.82 m, respectively, with decelerating
elevation growth. Numerical simulations can reproduce the main geometric variation
trends under different buoyancy layouts, while point-wise local deviations exist, as shown
in Table 9, which are attributed to manufacturing imperfection, optical refraction and
manual coordinate extraction errors in tank tests. Minor discrepancies arise from initial
hose torsion, tiny tank bottom slope, optical refraction of glass walls, manual coordinate
extraction error and incomplete similarity of bending stiffness/buoyancy distribution.
The scaled test is proven capable of validating qualitative geometric evolution laws of
flexible hoses.

Figure 25. Comparative geometric profiles of test and simulation under buoyancy Scheme 2 at
four horizontal spacings (a–d).
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Figure 26. Comparative geometric profiles of test and simulation under buoyancy Scheme 3 at
four horizontal spacings (a–d).

Table 9. Comparison of X–Y coordinate data between test measurement and numerical simulation
under Scheme 1 at horizontal spacing of 1.2 m.

Point
Experiment Simulation

x (m) y (m) x (m) y (m)

1 −1.2 0.05 −1.2 0.05
2 −1.18 0.33 −1.18 0.23
3 −1.07 0.52 −1.07 0.52
4 −0.88 0.52 −0.88 0.51
5 −0.74 0.31 −0.74 0.28
6 −0.62 0.14 −0.62 0.13
7 −0.42 0.11 −0.42 0.06
8 −0.24 0.19 −0.24 0.12
9 −0.1 0.36 −0.1 0.29
10 0 0.65 0 0.65

4.2. CFD–DEM Model Validation via Vertical Pipeline Benchmark Test

The CFD–DEM methodology is assessed against the published vertical pipe solid–
liquid transport experiments of Liu et al. [39] (Figure 27). The benchmark rig uses a 9.2 m
long transparent vertical pipe with an inner diameter of 100 mm and a bulk slurry velocity
of 3 m/s. An equal-scale numerical model is constructed for three combinations of particle
density and inlet solid volume fraction (Table 10). The comparison focuses on mean particle
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velocity and local solid volume fraction, which are the principal indicators used in the
flexible hose analysis (Figure 28).

Table 10. Working conditions used for the vertical pipe CFD–DEM validation.

Working Condition Particle Density (kg/m3) Inlet Solid Volume Fraction

1 2450 0.06
2 2450 0.09
3 3600 0.06

Figure 27. Vertical pipe benchmark: (a) experimental facility reported in [39]; (b) corresponding
CFD–DEM model.

Figure 28. Particle-velocity fields for the three vertical pipe validation conditions (a–c).

It can be observed in Table 11 that all predicted particle velocities are slightly lower
than experimental measurements, presenting systematic negative bias. This deviation may
originate from particle–wall contact parameters, drag model selection or simplification
of spherical particle assumption. If this bias also exists in curved hose calculations, it
may slightly shift the predicted safe operating domain boundaries, which constitutes one
limitation of the present model.

Table 11. Comparison of simulated and experimental mean particle velocity and local solid
volume fraction.

Working
Condition

Particle Velocity Particle Concentration
Experiment

[39] Simulation Error Experiment
[39] Simulation Error

1 2.6 2.34 −10% 0.086 0.080 −6.9%
2 2.57 2.32 −9.7% 0.101 0.109 7.9%
3 2.14 2.03 −5.1% 0.078 0.083 6.4%
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5. Conclusions
1. Buoyancy section length and position jointly control hose suspension, curvature,

and end effective tension. Layouts with insufficient coverage near the vehicle end
(Schemes 1, 4, and 6) caused seabed contact, whereas layouts shifted too far toward
the relay station (Schemes 3 and 8) produced negative end effective tension. Among
the tested arrangements, Scheme 11, with buoyancy distributed from 0 to 0.6L, pro-
vided the preferred balance between suspension, positive end tension, curvature
distribution, and vehicle loading.

2. Outward vehicle travel, particularly during turning at large separation, governed
structural safety. The initial path exceeded the 18 kN longitudinal load limit, the
40.9 kN lateral load limit, and the 2 m minimum bending radius criterion. After path
modification, the peak longitudinal, lateral, and vertical hose loads were 17.78, 22.38,
and 22.44 kN, respectively, and all monitored bending radii remained above 2 m.

3. At the reference transport condition of 5 m/s and 10% solids, the 40 m configuration
produced the strongest gravitational slip and concentration rebound near the lower
bend, whereas the 197 m configuration promoted particle accumulation and a thicker
moving bed in the ascending section. The 120 m case showed the smoothest velocity
and concentration variation. Combining the structural and conveying criteria gives a
recommended vehicle–relay horizontal separation of 80–160 m for the present model.

4. The scaled hose experiment reproduced the main configuration trends, with a mean
absolute vertical coordinate error of 0.034 m for the reported Scheme 1 case. In
the vertical pipe benchmark, the CFD–DEM predictions of mean particle velocity
and local solid fraction differed from the experimental values by no more than 10%.
These checks support comparative use of the numerical framework, while the de-
rived operating domain remains conditional on the simplified particle representation,
environmental assumptions, and one-way structural-to-flow coupling.

The multi-constraint evaluation framework and annular safe operating domain de-
rived in this work can provide theoretical support for the preliminary design stage of
deep-sea polymetallic nodule mining systems. The proposed workflow can assist engineers
in determining the reasonable horizontal installation offset between the tracked mining
vehicle and underwater relay station. Additionally, it offers reference constraints for path
planning of mining vehicle travel trajectories. It should be kept in mind that these outputs
are derived under idealized numerical assumptions. For real-site deployment, site-specific
equipment parameters, seabed topography and ocean environmental conditions must be
incorporated, and sufficient safety margins should be reserved before practical operation.

6. Limitations and Future Work
The 80–160 m spacing range and Scheme 11 buoyancy layout represent trade-off

optimized solutions valid only for the specific equipment and working conditions in this
paper, rather than universal industry standards. The core novelty of this work lies in
establishing a quantitative engineering framework to convert both hose structural and
internal flow limitations into travel path boundary criteria, distinguishing it from previous
studies relying solely on mechanical analysis.

Research Limitations:

1. This study employs sequential one-way coupling between the structural and two-
phase flow models. The hose geometry predicted by OrcaFlex is transferred to the
CFD–DEM model, whereas the spatially nonuniform fluid–particle forces resolved by
CFD–DEM are not fed back to update the hose deformation. Therefore, the influence
of local two-phase flow-induced force fluctuations on the structural response is not
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quantified in the present framework. This limitation may become more important at
higher slurry velocities or solid concentrations.

2. All two-phase flow simulations in this paper are carried out under a single reference
operating condition (bulk slurry velocity 5 m/s, solid volume fraction 10%). The
derived safe horizontal spacing of 80–160 m is conditionally valid for this reference
setup. Variations in conveying velocity and particle concentration will change particle
slip magnitude, moving bed thickness and pressure loss inside the curved hose, which
will shift the inner and outer boundaries of the safe operating domain. Therefore, this
distance range cannot be directly generalized to arbitrary slurry transport parameters.

3. Waves, cross-currents, seabed irregularities, surface vessel offset, and vehicle–
sediment dynamic interaction are not included in the present model. Waves and
currents may increase transient hose loads and modify the load direction, whereas
seabed irregularities may alter hose clearance and contact conditions. These effects
would also break the horizontal isotropy assumed when the distance criterion is rep-
resented as an annular domain. Practical operating boundaries are therefore expected
to be site-specific and should incorporate appropriate engineering safety margins.

4. The 1:100 pool test provides trend-level validation of hose geometry rather than full
dynamic similarity with the prototype system. In addition, the structural simulations
use a uniform segment length of 0.5 m. Because the minimum bending radius of 2 m is
employed as a pass/fail criterion, the predicted curvature near the limiting condition
remains subject to discretization uncertainty. A complete 0.25 m refinement calcula-
tion could not be completed within the present computational scope. A dedicated
structural refinement study is therefore required in future work.

Future work should extend the framework to two-way structural–flow coupling,
wave/current forcing, vehicle–sediment interaction, graded non-spherical particles, a
wider velocity–concentration matrix, and refined structural discretization near critical
bending regions.
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