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Abstract: Polymetallic nodules and REE-rich mud under the seabed of 5500-5700 m water
depth around Minamitorishima island are promising and attractive for exploration and
development. Following our previous research, numerical analysis was used to investi-
gate the unsteady flow characteristics and the lifting performance of a commercial pro-
duction system using an air-lift pump for hybrid lifting, lifting both polymetallic nodules
and REE-rich mud. Gas-liquid—solid three-phase flow and gas-liquid two-phase flow in
the system were analyzed using the one-dimensional drift-flux model. First, the reliability
of the schemes and program was verified by comparing the numerical results with the
experimental ones. Next, numerical simulations were conducted, in which the model’s
dimensions were related to a commercial production system operated in the deep sea
around Minamitorishima island, and the conditions fit the expected production rate. The
results revealed the unsteady flow characteristics under the operations, such as start-up,
shut-down, feed of polymetallic nodules and REE-rich mud, and those associated with
disturbances, such as feed rate fluctuations. We demonstrate that the program and the
schemes can simulate the unsteady flow characteristics and the lifting performance of a
commercial production system with an air-lift pump well, and they can derive useful in-
formation and know-how in advance for the safe and continuous operation of the system.

Keywords: numerical simulation; hybrid lifting operation; polymetallic nodules;
REE-rich mud; air-lift pump; Minamitorishima island; unsteady flow characteristics;
one-dimensional drift-flux model

1. Introduction

Polymetallic nodules and Rare-earth elements-rich mud (hereafter, “REE-rich
mud”), which exist under the seabed of 5500-5700 m water depth around
Minamitorishima island, Japan [1-3], are promising and attractive because of their vol-
ume and composition, comprising materials such as manganese, nickel, cobalt, and REEs.
The exploration and development of these mineral resources are urgent challenges due to
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Air compressor

the recent paradigm shift from fossil fuels to renewable energy sources through lower-
carbon technologies.

Following our previous study [4], a production system using an air-lift pump (Figure
1, left) is applied for lifting polymetallic nodules and REE-rich mud from the deep sea in
this study. The system with an air-lift pump consists of a mining ship, in which an air
compressor and a gas-liquid-solid separator are set up; a lifting pipe; an air pipe; and a
mining unit including an excavator, a collector, and a classifier on the seabed. Note that
the gas-liquid—-solid separator is used for post-processing to classify the lifted air, sea-
water, or mud water with REE-rich mud and polymetallic nodules. It is a hydraulic
transport system [5] that continuously transports polymetallic nodules and REE-rich mud
by the use of upward seawater flow from the seabed to the sea surface through a lifting
pipe. The upward flow is created by a hydrostatic pressure difference between the inside
and outside of the lifting pipe, while air pressurized by the air compressor is injected
through an air pipe near the middle of the lifting pipe via an air injection point. The flow
in the lifting pipe is a multi-phase. For instance, in the case of lifting both polymetallic
nodules and REE-rich mud (hereafter, “hybrid lifting”), it is a mixture of seawater, REE-
rich mud, and polymetallic nodules, i.e., liquid (mud water)-solid (polymetallic nodules)
two-phase flow below the air injection point, and gas (air)-liquid (mud water)-solid
(polymetallic nodules) three-phase flow above the air injection point.

Gas

Gas-liquid-solid Liquid-solid
/ separator / separator
Liquid Mining ship Liquid Mining ship

Solid / Solid

Sea surface A Sea surface
E = — = =
Air pipe
PP . .~ ESP
Gas-liquid two-phase flow or =
Gas-liquid-solid three-phase flow
Air injection point P
Lifting pipe ! P Lifting pipe Liquid flow or
L / . Liquid-solid two-phase flow
\ Liquid flow or g ESP
Collector & Liquid-solid two-phase flow Collector &
(‘lussiﬁcr\ | — lixc?\'ator Classifier 1 — Excavator
I s | Seabed Scabed
7/ 777

Figure 1. Deep sea production systems with an air-lift pump (left) and electric submersible pumps
(ESPs) (right) after Shimizu et al. (2024) [4].

The system with an air-lift pump is one of the hydraulic dredging systems. The other
is with electric submersible pumps (ESPs) set up in series on the lifting pipe (Figure 1,
right). The advantage of the system with an air-lift pump is that it is maintenance-free, as
there are no specific mechanical devices underwater as there are with ESPs. Therefore, the
system with an air-lift pump is more likely to be adopted for deep sea operations (5000
6000 m water depth) [6,7] than that with ESPs [8]. Also, the classification and mineral pro-
cessing of the lifted polymetallic nodules on the mining ship is relatively easy under a
system with an air-lift pump because of less degradation of the nodules compared with
the system with ESPs. However, the efficiency is, in most cases, lower than that of ESPs.
One scheme for overcoming this drawback is specifying a back pressure at the exit of the
lifting pipe. By returning the pressurized air to the inlet of the air compressor, the power
requirements decrease. In addition, the back pressure keeps the mixture velocity near the
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sea surface at a lower level, consequently reducing the erosion inside the lifting pipe and
the gas-liquid-solid separator.

In Japan, several projects have been carried out to develop polymetallic nodules
around Hawaii in the deep sea [9-13], and others have been conducted for the develop-
ment of the REE-rich mud around Minamitorishima island [14-16] under cooperation
with the government, academia, and industry. In studies on the system with an air-lift
pump, Hatakeyama [17] and Hatakeyama et al. [18] extended the one-dimensional drift-
flux model to the gas-liquid—solid three-phase flow, and then applied it for simulations
of lifting polymetallic nodules. The authors have conducted a numerical study on a sys-
tem with an air-lift pump for mining polymetallic nodules and REE-rich mud from the
deep sea to clarify the lifting performances and examine the flow characteristics when
liftting REE-rich mud, polymetallic nodules, and both, i.e., hybrid lifting [4]. However, the
dimensions of simulation models were smaller than those for a commercial production
system. Also, the validation of the numerical schemes and the program was conducted
using data with steady flows, not unsteady flows. Consequently, the unsteady flow char-
acteristics and the lifting performance on a commercial production-scaled system with an
air-lift pump have not been examined yet.

Based on our previous research [4], this study examines the unsteady flow characteris-
tics and the lifting performance of a commercial production system using an air-lift pump
for hybrid lifting, lifting both polymetallic nodules and REE-rich mud from the 5500-5700
m deep sea around Minamitorishima island, to derive useful information and find an ap-
propriate method for operating the system safely and continuously. Gas-liquid-solid three-
phase flow and gas-liquid two-phase flow in the system are analyzed using the one-dimen-
sional drift-flux model, which was also adopted in the previous study. The air flow analysis
in the air pipe is newly added, and coupled with the flow in the lifting pipe. First, the calcu-
lation results related to the unsteady flow characteristics, i.e., time transient results are com-
pared with the published experimental ones to validate the numerical schemes and the pro-
gram. Next, numerical simulations are conducted, in which the model’s dimensions are re-
lated to a commercial production system operated in the deep sea around Minamitorishima
island, and the conditions fit the expected production rate.

2. Method: Numerical Scheme and Program

The one-dimensional drift flux model [17,19,20] is adopted as the numerical scheme in
the study, which is the same as that in our previous study [4], and described briefly here.

The momentum and mass conservation equations of the gas-liquid-solid three-
phase mixture, and the mass conservation equation of gas and solid each phase are shown
by Equations (1)-(3). Note that the subscripts of G, L, S, and M represent gas, liquid,
solid, and gas-liquid—-solid three-phase mixture (hereafter, “mixture”), respectively.

0 0
E(pMVM)-’_g(pMVMZ) :
oB, 4t a(pGFGWGZ) a(pLFLWLZ) a(pstVVsz) @)
=-—= —— tPug- - -
oz D 0z oz 0z
) 0
ﬂ+—(pMVM):FG +1 + T ()
ot oz
d 0
_(F;{pk)—'—_(F;{ka/k):Fk (k=G’S) 3)
ot 0z

Vy and py in Equations (1) and (2) are defined as center-of-mass velocity and den-
sity of the mixture, and given by (4) and (5), respectively.
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where

pu: pressure of mixture [Pa(G)];

Fi(k = G,L,S): volume fraction of the k-phase [-];

Vi (k = G, L,S): velocities of the k-phase [m/s];

Wy, = Vi — Vm(k = G, L, S): velocities of the k-phase relative to the center-of-mass ve-
locity of mixture [m/s];

pr(k = G,L,S): density of the k-phase [kg/m?];

I,(k = G,L,S): source term of the k-phase per unit volume [kg/(m? s)];

Tw: shear stress by pipe friction [Pa];

D: pipe diameter [m];

g: gravitational acceleration [m/s?];

t: time [s];

z: coordinate in the axial direction of the lifting pipe, from bottom to top [m].

Using these equations along with the fact that Fg+ F,+Fs=1, Vy, Py, and
F.(k=G,L,S) , also the volume concentration of mud within the liquid-phase
Cx(= Fx/F.), are evaluated as functions of time and one-dimensional space in each section
along the lifting pipe.

Velocities of the gas- and solid-phase relative to the center-of-mass velocity of the
mixture Wy (k = G,S) are derived by the drift velocities of the gas- and solid-phase
Vi ag(k = G,S), i.e., velocities of the gas- and solid-phase relative to mixture flux, defined
by Equation (6). Parameters in Equation (6) of the gas-phase are summarized in Table 1,
and those of the solid-phase are shown in Table 2.

Vkﬁdﬁ = (CkO _1)‘]M +V1q‘ (k = G’S) (6)

Table 1. Parameters to calculate drift velocities of gas-phase [20].

Flow Regime F; Range Vi Cco
1/4
Bubble Flow ~ F, <02 V2 (ag—Azpj (1-F,)" 12-02p, /P,
L
apD, )"
Stug Flow  0.3<F, 0.7 0.35(g—p"] 12-024p,/p,
P
1-F, ApgD, (1-F, 1-F,
Annular Flow F, 208 G ( 8D, ( ¢ l+———6
F,+4ps/p . 0.015p, F,+4ps/p.

Note that V; is specified for each flow regime, i.e., bubble flow, slug flow, or annular flow, which
is classified by the volume fraction of the gas-phase Fg. Also, Vg; is approximated linearly in the

range of 0.2 to 0.3, and 0.7 to 0.8 of the volume fraction.
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Table 2. Parameters to calculate drift velocities of solid-phase [21,22].

VSJ' Cso
Vst 1.2V, /J,,

Note that V; is calculated by the hindered settling velocity of the particle system, expressed by a
voidage function [21]. Vsg: terminal velocity; e: porosity (F/(F, + Fs)).

Shear stress by pipe friction 7y, in Equation (1), which is the pressure drop of mix-
ture APy, is evaluated using Akagawa’s formula given by Equation (7) [23-26].

APMzAPL(l_FG)_Za @)

where Z, is the parameter in Akagawa’s formula, and AP, represents pressure drop by
the flowing liquid-phase with liquid flux, given by Equation (8).

p oL
AP =ATEJ " — 8
L= A ®)

In the case of mining polymetallic nodules, liquid plus solid flux j;, + Js is used in-
stead of J;, in Equation (8) under the assumption that the solid particles migrate with lig-
uid flow. Note that an additional pressure drop should be considered in Equation (8) for
particle-liquid two-phase flow if the lifting pipe is placed horizontally or inclined.

In the case of mining REE-rich mud, mud water (a mixture of REE-rich mud and
seawater) shows the flow characteristics of a pseudo-plastic fluid, as shown by Equation
(9). The parameters in Equation (9), i.e., the flow consistency index K[Pa-s"] and the flow
behavior index n [—], depend on the volume concentration of mud within the liquid-
phase Cx(= Fx/F.). Empirical equations are summarized in Table 3 [4]. The pipe friction
factor A in Equation (8) is evaluated using these parameters as a function of Cx [27-30].
The formulas by Kemblowski and Kolodziejski [31] are used to calculate the factor under
turbulent flow for a smooth circular pipe, and those by Masuyama and Hatakeyama [28]
for a rough circular pipe.

=Ky 9)

Table 3. Empirical equations for flow consistency index K and flow behavior index n [4].

Flow Consistency Index K Flow Behavior Index n
-1.85C,"** +1.0 0<C, <£0.05
Original Mud Water My (8.91>< 10°C,*% +1 .0) X ( X )
—-0.639C +0.237 (0.05<C, £0.10)
UF After Hydrocyclone My (6.76><105 CXZ‘56 +1.0) -1.09C,*'" +1.0

Uo: Viscosity of seawater; UF: underflow mud water, which contains high concentrations of REEs.

The finite volume method is adopted to discretize Equations (1)=(3) and integrate
over the control volume. The pressure and volume fractions of each phase are defined at
the center of each control volume, and the velocities at the boundary between two control
volumes. Additionally, the analysis for the air pipe (hereafter, “the air pipe analysis”) is
added after our previous study [4] and then coupled with the analysis for the lifting pipe
(hereafter, “the lifting pipe analysis”).

Figure 2 shows the flows of the program. The analytical time goes forward with the
time-step At, i.e., an unsteady analysis. The air pipe analysis and the lifting pipe analysis
are executed in turns. In the lifting pipe analysis, Vy, Py, and Fy(k = G,L,S) are calcu-
lated in each calculation unit. The iteration procedure is repeated until the errors in each
calculation unit decrease within the criteria at each analytical time. In the air pipe analysis,
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a mass flow rate of air is specified as a velocity boundary at the inlet of the air pipe. The
pressure at the air injection point calculated in the lifting pipe analysis is used as a pres-
sure boundary at the outlet of the air pipe. The calculated mass flow rate of air at the outlet
of the air pipe is passed to the lifting pipe analysis and added as a source term of the gas-
phase [ in Equations (2) and (3) at the element related to the air injection point; the air
is injected into the lifting pipe through the air pipe via the air injection point. The Semi-
Implicit Method for Pressure Linked Equations (SIMPLE) scheme is used to solve Vy and
Py in the lifting pipe analysis, also V; and Pg in the air pipe analysis. The first-order up-
wind difference scheme is adopted when discretizing convective terms in the momentum
and mass conservation equations.

i Set values of one time-step Set values of one time-step
| Air pipe analysis | before before
Lifting pipe Calc. Water level | Initialization |
‘+A[ analysis l
| Initialization | | Calc. VG and P |
0 |Ca1c. JAt and Pwm, FG, FX, Fs|
end Converge Converge
VM and P™, Fa, Fx, Fs ? VG and PG ?
(Overall)

Calc. VM and PM. VG and Pa. FG, Fx. Fs

(Lifting pipe analysis) (Air pipe analysis)

Calc. coefficients
Set boundaries

P at air inj. pt. ) G atoutlet

Evaluate as pres. boundary

Check residual Coupled
Source term of gas-phase /G

at air inj. pt. VG at outlet

Figure 2. Flows of the program: overall (left), lifting pipe analysis (middle), and air pipe analysis (right).

3. Verification on Unsteady Flow Characteristics, Comparisons with Ex-
perimental Studies
3.1. Numerical Model

Figure 3 shows a numerical model, and the dimensions and the boundary conditions
are based on related previous experiments [12,13]. The lifting pipe and the air pipe are
placed vertically. The dimensions of the pipes are shown in Table 4. In total, 200 and 184
elements are created by dividing the lifting pipe and the air pipe into equal lengths of
1.063 and 1.0 m, respectively. The air flow rate is 15 or 25 Nm?/min. A velocity correspond-
ing to the air flow rate is specified at the inlet of the air pipe. The pressure at the air injec-
tion point by the lifting pipe analysis is specified at the outlet of the air pipe as a pressure
boundary. The air is input into the lifting pipe through the air pipe at 184 m water depth.
A pressure of zero Pa(G) is specified at the top of the lifting pipe. The hydrostatic pressure
at a water depth of 200 m is specified at the bottom. The physical properties of air, water,
and gravel used in the analysis are shown in Table 5. The density of air is calculated by
Equation (10). The drag coefficient of gravel is calculated using the method of Sato et al.
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[32,33]. The time-step of the analysis is 0.2 s, and unsteady flow data, i.e., time transient
data are recorded every 0.2 s.

Pres. boundary at top

(back pres. 0 MPa(G)) Vel. boundary

f 9l 126m} 106 = 15.25 Nm/min)
_ A A x
Dy: Dyg: I
Lig: 102.3mm| 90 mm)| 1;4 m
Ly: Hy: 184 m . .
212.6m| 200 m Lifting Air
pipe pipe
Source term of gas-phase
(/"_at air inj. pt.
LLU: -x— -— A A
16 m Pres. boundary
T — (pres. at air inj. pt.)

Pres. boundary at bottom
(hydrostatic pres. 200 m)

Figure 3. A numerical model and boundary conditions for verification, lifting pipe (left), and air pipe
(right).

Table 4. Pipe dimensions of the numerical model for verification.

Lifting Pipe Air Pipe
Hw Lo Lio Lie Liu DL Lc Dc
[m] [m] [m] [m] [m] [mm] [m] [mm]
200 212.6 12.6 184 16 102.3 184 90

Table 5. Physical properties, air, water, and gravel for verification.

Surface Molecular Particle Dia. Drag Coef.

Material Density Viscosity Tension Mass Dp CD
[kg/m3] [Pa-s] [N/m] [kg/mol] [mm] [-1
Air Equation (10) 1.76 x 10 7.4 x102 2.88 x 102 - -
Water 1.0 x 103 1.31 x 1073 - - - -
Gravel 2.65 x 103 - - - 15 1.17
M (B, +P,
M (R+R) o)
R (T +273.15)

where T: temperature, 10.0 [degrees (Celsius)]; P,.: atmospheric pressure, 1.01 x 105 [Pa];
M: molecular weight, air: 2.88 x 102 [kg/mol]; R: gas constant, 8.3145 [J/(mol-K)].

3.2. Results and Discussion: Unsteady Flow Characteristics of Lifting Water

Figure 4 shows the unsteady flow characteristics of an air-lift pump; the transient
response of air flow rate (the first) and water flow rate (the second) at a start-up stage, i.e.,
beginning the input of air into the air pipe from the inlet at an air flow rate of 15 Nm?/min.
The graphs in the left panel show the experimental result from the previous studies [12],
and the ones in the right panel show the calculated one. Note that in the first graphs of
both panels, the solid line: air flow rate at the top of the lifting pipe, the dashed line: at the
air injection point (only right panel), and the dashed—dotted line: at the inlet of the air
pipe, i.e., specified air flow rate. In the second graph of both panels, the solid line: water
flow rate at the top of the lifting pipe, and the dashed line: at the bottom (190 m water
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depth in case of experimental result). At the start-up stage of the experiment, the following
characteristics are revealed: It takes a few minutes to begin lifting water after the air blow
starts because the water initially in the air pipe is discharged, and the water level rises in
the lifting pipe. When there is enough air in the lifting pipe to lift water, water is sucked
into the lifting pipe from the bottom. At 40 s after beginning the input of air, water is
discharged from the top of the lifting pipe. The water flow rate at the top temporarily
increases at first because of discharging plugged water, which is initially preserved in the
lifting pipe. The water flow rate is about 2.94 times that at the steady state (3.00 times in
calculation). Subsequently, the air flow rate at the top increases with the discharge of the
substantial amount of air used for displacing the plug of water. This air flow rate is 1.88
times that at the steady state (7.02 times in calculation). The system then enters a steady
state. Although the calculated result shows a distinct peak in the air flow rate at the top of
the lifting pipe compared with the experimental one, the calculated result substantially
agrees with the experimental one.

140 r
Og = 15 Nm*/min Top T O = 15 Nm?*/min Top
120 F - - = Air pipe inlet 120 v+ 00| =eees Air inj. pt.
- - = Air pipe inlet
100 100
= =) 7.02 times
§ 80 :\E 80 of steady state
8 g
Z 60 Z 60
S a0 L 1.88 times S a0
of steady state
L F &
20 steady state — T f\_ P 20 steady state —gr=as '.,,
0 . ¥ B ‘ A /-/ L . . ) 0 . o L L L ,
0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240
7 — ——Top 7 — Top
6+ | Y |- Bottom (190 m) 6 r | === Bottom
5 2.94 times 5 3.00 times
= 4 of steady state = 4 of steady state
£ 3 3 Y
S 2 steady state — S 2 steady state /,l/:y“_ -
1 1 /
0 [esdplplliata M My 0 .
_l L _1 L
0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240
Time [s] Time [s]

Figure 4. Unsteady flow characteristics of an air-lift pump at start-up, i.e., beginning the input of
air; the experimental result from the previous studies [12] (left panel) versus the calculated one (right

panel).

Figure 5 shows the unsteady flow characteristics of an air-lift pump; the transient
response of air flow rate (the first) and water flow rate (the second) at a shut-down stage,
i.e,, stopping the input of air into the air pipe at 15 Nm3/min. The graphs in the left panel
show the experimental result from the previous study [12], and the ones in the right panel
show the calculated one. Water flow in the lifting pipe continues for a while at the shut-
down stage, even after the input of air has stopped into the air pipe. When the air flow
rate decreases, the water flow rate at the bottom of the lifting pipe increases temporarily,
and then it gradually decreases. The water flow in the lifting pipe stops about 40 s after
the air flow stops. The calculated result agrees sufficiently with the experimental one.
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0 = 15 Nm?/min Top [ 0 =15 Nm*/min[ ——Top _
3507 - - = Air pipe inlet 5 | - Air inj. pt.
30 r 30 - - = Air pipe inlet
= 25 = 25
£ 20 £ 20
E £
z 15 Z 15
,\\'j 10 5) 10
] 5
0 0
=5 t -5 L
0 30 60 90 0 30 60 90
! Top 4 Top
----- Bottom (190 m) -----Bottom
3 3 |
o
__________ —_ __1' ~,
S = =
g 2 \\ £ 2
| \ - 1
Q \ Q
\
0 AN 0 NS s
-1 t -1 L
0 30 60 90 0 30 60 90
Time [s] Time [s]

Figure 5. Unsteady flow characteristics of an air-lift pump at shut-down, i.e., stopping the input of
air, the experimental result from the previous study [12] (left panel) versus the calculated one (right
panel). Note that the solid, dashed, and dashed-dotted lines in each graph represent the same items

shown in Figure 4.

3.3. Results and Discussion: Unsteady Flow Characteristics of Lifting Gravel

Figure 6 shows the unsteady flow characteristics of an air-lift pump; the transient
response of air flow rate (the first), slurry (water plus gravel) flow rate (the second), mass
flow rate (the third), and volume fraction of gravel within the slurry (the fourth) when
changing air flow rate in a step fashion while the system is at a steady state, i.e., at 15
Nm?/min air flow rate, and 5% volume fraction of gravel. The graphs in the left panel show
the experimental result from the previous studies [12], and the ones in the right panel
show the calculated one. Note that in the first graphs of both panels, the solid line: air flow
rate at the top, the dashed line: at the air injection point (only right panel), and the dashed-
dotted line: at the inlet of the air pipe, i.e., specified air flow rate. In the second graph of
both panels, the solid line: slurry (water plus gravel) flow rate at the top, and the dashed
line: at the bottom (190 m water depth in case of experimental result). In the third graph
of both panels, the solid line: flow rate of gravel at the top, and the dashed line: at the
bottom (only right panel). In the fourth graph of both panels, the solid line: volume frac-
tion of gravel within the slurry (water plus gravel) at the top (only right panel), and the
dashed line: at the bottom. When the air flow rate suddenly increases or decreases from a
steady state, there are momentary changes at the various points in the systems because of
the loss of equilibrium in the lifting pipe. When the air flow rate suddenly increases, the
slurry flow rate at the bottom decreases, and that at the top increases temporarily. On the
other hand, when the air flow rate suddenly decreases, the slurry flow rate at the bottom
increases, and that at the top decreases temporarily. After that, the system reaches a steady
state. This happens because of a temporary loss of equilibrium between the power and
the load in the air-lift pump. The calculated result also reveals the temporary loss of equi-
librium, i.e., the slurry flow rate changes temporally at the top and the bottom, when the
air flow rate suddenly decreases or increases, and follows the transient response well.
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Figure 6. Unsteady flow characteristics of an air-lift pump when rapidly increasing and decreasing
the air flow rate; the experimental result from the previous studies [12] (left panel) versus the calcu-

lated one (right panel).

Figure 7 shows the unsteady flow characteristics of an air-lift pump; the transient
response of air flow rate (the first), slurry (water plus gravel) flow rate (the second), mass
flow rate (the third), and volume fraction of gravel within the slurry (the fourth) when
stopping the input of air for a while, while the system is at the steady state, i.e., 15
Nm?/min air flow rate, and 5% volume fraction of gravel. The graphs in the left panels
show the experimental result from the previous study [12], and the ones in the right panel
show the calculated one. When the air flow suddenly stops for about 15 s, the slurry flow
rate at the top of the lifting pipe fluctuates significantly, and that at the bottom decreases
to about half that at the steady state. The system recovers to its original conditions after
restarting the air flow. The calculated result shows similar time transients compared with
the experimental one, although the air flow rate peaks at the top of the lifting pipe during
the transition period, as seen at the start-up stage (Figure 4).

Figure 8 shows the unsteady flow characteristics of an air-lift pump; the transient re-
sponse of air flow rate (the first), slurry (water plus gravel) flow rate (the second), mass flow
rate (the third), and volume fraction of gravel within the slurry (the fourth) when rapidly
increasing and decreasing feed rate of gravel while the system is at the steady state, i.e., 15
Nm?/min air flow rate, and 5% volume fraction of gravel. The graphs in the left panel show
the experimental result from the previous studies [13], and the ones in the right panel show
the calculated one. The slurry flow rate decreases slightly at the bottom of the lifting pipe
when the feed rate of gravel increases. The system reaches a steady state after all the gravel
temporarily fed in the lifting pipe has been discharged. It takes 30 s for the gravel to go
through from the inlet to the outlet of the lifting pipe. This trend is reversed when the feed
rate of gravel decreases. Similar time transients are observed in the calculation.
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Figure 7. Unsteady flow characteristics of an air-lift pump when temporarily stopping input of air;

the experimental result from the previous study [12] (left panel) versus the calculated one (right

panel). Note that the solid, dashed, and dashed—dotted lines in each graph represent the same items

shown in Figure 6.
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Figure 8. Unsteady flow characteristics of an air-lift pump when rapidly increasing and decreasing

the feed rate of gravel; the experimental result from the previous studies [13] (left panel) vs. the

calculated one (right panel). Note that the solid, dashed, and dashed—dotted lines in each graph

represent the same items shown in Figure 6.
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Figure 9 shows the unsteady flow characteristics of an air-lift pump; the transient
response of air flow rate (the first), slurry (water plus gravel) (the second), mass flow rate
(the third), and volume fraction of gravel within the slurry (the fourth) when changing
feed rate of gravel periodically while the system is at the steady state, i.e., 15 Nm?min air
flow rate, and 5% volume fraction of gravel. The graphs in the left panel show the exper-
imental results from the previous studies [13], and the ones in the right panel show calcu-
lated ones. When the feed rate of gravel changes periodically, the concentration of gravel
in the lifting pipe fluctuates, and the fluctuation propagates to the outlet. However, there
is little change in the slurry flow rate. This is because the period of the fluctuation—about
20 s—is shorter than the time required for gravel to move through the lifting pipe about
30 s. Moreover, the flow rate of discharged air fluctuates even though the air flow rate at
the inlet of the air pipe is constant. This fluctuation is thought to occur at the air injection
point too, and the irregularity of the lifting gravels causes it. The calculated result, the first
graph in the right panel, shows the fluctuation of the air flow rate at the air injection points
under a constant air flow rate at the inlet of the air pipe, which could not be found from
the experimental result.
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Figure 9. Unsteady flow characteristics of an air-lift pump when periodically changing the feed rate
of gravel at the bottom; the experimental result from the previous studies [13] (left panel) versus the
calculated one (right panel). Note that the solid, dashed, and dashed—dotted lines in each graph

represent the same items shown in Figure 6.

4. Simulation on Hybrid Lifting Operation of Polymetallic Nodules and
Rare-Earth Element-Rich Mud
4.1. Numerical Model

Figure 10 shows the dimensions of the numerical model and boundary conditions
specified in the simulation. The diameter of the lifting pipe is larger than that of the pre-

vious study [4] to relate the simulation with a commercial production system operated in
the 5500-5700 m deep sea around Minamitorishima island, and the conditions fit the
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expected production rates of polymetallic nodules and REE-rich mud. The lifting pipe and
the air pipe are placed vertically. The dimensions of the pipes are shown in Table 6. A
total of 282 and 100 elements are created, respectively, by dividing the lifting pipe and the
air pipe into equal lengths of 20 m. The mass flow rate of air is 36 kg/s. A velocity corre-
sponding to the mass flow rate of air is specified at the inlet of the air pipe. The pressure
at the air injection point by the lifting pipe analysis is specified at the outlet of the air pipe
as a pressure boundary. The air is input into the lifting pipe through the air pipe at 2000
m water depth. A 0.5 MPa(G) pressure, which corresponds to the back pressure, is spec-
ified at the top. The hydrostatic pressure at 5600 m water depth is specified at the bottom.
The physical properties of air, seawater, and those of REE-rich mud and polymetallic nod-
ules are shown in Tables 7 and 8, respectively. Empirical equations for original REE-rich
mud water [4], shown in Table 3, are used to evaluate the flow consistency index K and
the flow behavior index 7 in the pseudo-plastic fluid. The method of Sato et al. [33,34] is
used to calculate the drag coefficient for crushed polymetallic nodules.

Pres. boundary at top Vel. boundary
(back pres. 0.5 MPa(G)) (Mg =36 kg/s)
1 v LI‘O:40 m:: - =
- é]()E(l) Dy 0.6m . -
Lyg: o Ai Do : Lq:
2000 m LLE: : DLEZ: 0.5m| pige 9 15 n} 2000 m
{1500m] > M _
Ly: I_'[\\': 1 / Pres. boundary
5640 m|5600 m Dyt (pres. at air inj. pt.)
Liv: Lifting [ 0.4m_
3600 m pipe Source term of gas-phase
at air inj. pt.
A 4 A

//"//// V4
Pres. boundary at bottom
(hydrostatic pres. 5600 m)

Figure 10. A numerical model and boundary conditions for simulation, lifting pipe (left), and air

pipe (right).

Table 6. Pipe dimensions of the numerical model for simulation.

Lifting Pipe Air Pipe
Die1 Die2 Dru
H L L L L L D
" g © e Y Hw:0-500 500-2000 2000-5600 ¢
[m] [m] [m] [m] [m] [m] [m] [m] [m] [m]
5600 5640 40 2000 3600 0.6 0.5 0.4 2000 0.15

Table 7. Physical properties, air, and seawater for simulation.

Material Density Viscosity Surface Tension Molecular Mass
[kg/m?] [Pa-s] [N/m] [kg/mol]
Air Equation (10) 1.76 x 10°° 7.4 %1072 2.88 x 1072
Seawater 1.02 x 103 1.3 x 103 - -

Table 8. Physical properties, REE-rich mud, and polymetallic nodules for simulation.

Flow Consistency Flow Behavior in- Particle Dia.
Index K dex n Dr
[g/cm?] [Pa.s"] [-] [mm] [-]

Material Density Drag Coef. Cp
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Eq. for Original REE- Egq. for Original
Rich Mud Waterin =~ REE-Rich Mud - -
Table 3 Water in Table 3

REE-Rich Mud 2.8

Polymetallic

Nodules 2.0 - - 20 1.17

The simulation proceeds following the actual operations. At the start-up stage, 36
kg/s mass flow rate of air is specified at the inlet of the air pipe. The air flow rate is in-
creased linearly to 36 kg/s over 360 s to protect against irregular transient phenomena by
sudden air flow change. The air flow rate at the outlet of the air pipe, calculated in the air
pipe analysis, is used in the lifting pipe analysis by adding it as a source term of gas-phase
in the lifting pipe element at the air injection point. The analysis continues until reaching
a steady state. Next, 0.5 MPa(G) pressure is specified at the top of the lifting pipe as back
pressure. The pressure is increased linearly to 0.5 MPa(G) over 360 s, and the analysis
continues until reaching a steady state. REE-rich mud is then fed into the lifting pipe at a
steady state under 36 kg/s mass flow rate of air and 0.5 MPa(G) back pressure. A constant
volume concentration of REE-rich mud is specified at the bottom. The feed rate is in-
creased linearly up to a specified feed rate over 360 s. Next, polymetallic nodules are fed
into the lifting pipe specifying a volume fraction of the solid-phase at the bottom. This
process is continued by increasing the feed rate gradually until reaching the maximum
flow rate of polymetallic nodules. The time-step of the analysis is 4 s, and unsteady flow
data, i.e., time transient data are recorded every 20 s.

4.2. Results and Discussion: Steady Flow Characteristics

Figure 11 shows the steady flow characteristics when lifting polymetallic nodules and
REE-rich mud and hybrid lifting: slurry (seawater or REE-rich mud water plus polymetallic
nodules) flux versus mass flow rate of polymetallic nodules and REE-rich mud. The solid
lines show the cases of lifting polymetallic nodules (Case 1, colored in black) and REE-rich
mud (Case 4, colored in red). The dashed line and the dashed-dotted line show the cases of
hybrid lifting while the volume concentration of REE-rich mud Cy is kept at 2 (Case 2) and
3% (Case 3), respectively. While the mass feed rate of polymetallic nodules and REE-rich
mud increases, the slurry flux gradually decreases. The mass flow rate of polymetallic nod-
ules (Case 1) is larger than that of REE-rich mud (Case 4) at the same slurry flux. In hybrid
lifting (Cases 2 and 3), when the mass flow rate of polymetallic nodules increases, that of
REE-rich mud decreases as shown by the arrows in the graph, because slurry flux decreases.

10 r Mg =36 kg/s [TndlCase

9 r —| 1 [Polymetallic nodules

3 2 |Hybrid, Cx=2%

- 3 |Hybnd. 3%
— 4 |REE-rich mud
k= 6 Polymetallic nodules
o . :

4 Y

+ 4 4 .*" REE-rich mud Yy
) 3 -CX=2% 3% C.=3% b

2 F M x Mx+My

1}

0 1 1 1 1 1 J

0 2500 5000 7500 10,000 12,500 15,000
My + Mg [t/d]

Figure 11. Steady flow characteristics of an air-lift pump for lifting polymetallic nodules and REE-
rich mud, and both; hybrid lifting with 36 kg/s mass flow rate of air, and 0.5 MPa(G) back pressure.
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Empirical equations for original REE-rich mud water [4], and a Dp of 20 mm and Cp of 1.17 for

polymetallic nodules are used.

Table 9 summarizes the results and comparison of lifting performance at 36 kg/s mass
flow rate of air, 0.5 MPa(G) back pressure, and 4.5 m/s slurry flux. The power requirements
Npower and efficiency 7 are defined by Equations (11) and (12), respectively. The total
mass flow rate and the efficiency are 11,020 t/d, 0.378 for Case 1; 10,140 t/d (7620 t/d:
polymetallic nodules, 2520 t/d: REE-rich mud), 0.373 for Case 2; 9480 t/d (5610 t/d:
polymetallic nodules, 3870 t/d: REE-rich mud), 0.364 for Case 3; and 7600 t/d, 0.338 for
Case 4. The total mass flow rate and the efficiency increase when the ratio of the mass flow
rate of polymetallic nodules increases under the same slurry flux, which is the same ten-
dency as that shown by a simulation of a smaller-scaled system [4]. The power require-
ment is about 9.3 MW and the mixture velocity at the exit of the lifting pipe is 19.2 m/s for
all the cases.

N,

Power

F,
=%(T+273.15)lnﬂMG (11)

Gin

5= (pXCXQL +pSQS)gLLO +((px _pLO)CXQL +(ps ~Pro )Qs)g(LLE +LLU) (12)
N,

Power

where Pgq,t: pressure at the outlet of the air pipe [Pa]; Pgi,: pressure at the inlet of the air

pipe [Pa].

Table 9. Summary of lifting performances at 36 kg/s mass flow rate of air, 0.5 MPa(G) back pressure,
and 4.5 m/s slurry plus solid flux.

Case Mx+Ms Mx Ms Cx Cs JM exit Npower n
[kt/d] [kt/d] [kt/d] [%] [%] [m/s] [MW] []

1 11.02 0 11.02 0 11.33 19.2 9.26 0.378

2 10.14 2.52 7.62 2.00 7.79 19.2 9.26 0.373

3 9.48 3.87 5.61 3.00 5.74 19.2 9.26 0.364

4 7.60 7.60 0 5.59 0 19.2 9.27 0.338

My: mass flow rate of REE-rich mud; Ms: mass flow rate of polymetallic nodules; Cx: volume con-
centration of REE-rich mud; Cs: volume concentration of polymetallic nodules; Jyeyic: mixture flux

at exit; Npower: power requirements; 7: efficiency.

4.3. Results and Discussion: Unsteady Flow Characteristics at Operation

Figure 12 shows the unsteady flow characteristics of an air-lift pump; the transient
response of air flow rate (the first), seawater flow rate (the second), and pressure (the third,
only right panel) when beginning the input of air from the air pipe inlet at 36 kg/s mass
flow rate of air (left panel) and when setting 0.5 MPa(G) back pressure after that (right
panel). In the first graph of both panels, the solid line: air flow rate at the top of the lifting
pipe, the dashed line: at the air injection point, and the dashed-dotted line: at the inlet of
the air pipe, i.e., specified air flow rate. In the second graph of both panels, the solid line:
seawater flow rate at the top of the lifting pipe, and the dashed line: at the bottom. In the
third graph (only right panel), the solid line: back pressure specified at the top. Seawater
begins to discharge at the top 180 s after the beginning of the input of air. The maximum
flow rates of air and seawater are 3.66 and 3.38 times larger, respectively, than those at the
steady state. The system reaches a steady state after 1500 s. When the back pressure in-
creases from 0 to 0.5 MPa(G) over 360 s, the seawater flow rate gradually decreases and
then reaches a steady state. Air flow at the top fluctuates slightly.



J. Mar. Sci. Eng. 2025, 13, 267 16 of 25
7000 4000
Mo =36 ke/s Top Mg =36 kg/s Top
6000 - T T Air inj. pt. 3500 Back pres. = 0.5 MPa(G) |~~~ Alr inj. pt.
- - = Air pipe inlet 3000 F - - = Air pipe inlet
£ 3000 | 3.66 times =
£ 4000 | of steady state E 2500
T E 2000 |
Z, 3000 1 £ 1500 F
£ 2000 | steady state o
b =5 s <1000 |
1000 F 500
0 .” 1 1 1 1 1 I 0 1 1 1 1 1 )
0 300 600 900 1200 1500 1800 5000 5300 5600 5900 6200 6500 6800
250 Top 120 ¢ Top
200 L e Bottom 00 v+ == Bottom
. 3.38 times — g0 L
=1 k=1
E 150 of steady state E J A
E 00 | E 10
< steady state == S
50 20 |
0 - &l L L L L ), 0 L L L L L s
0 300 600 900 1200 1500 1800 5000 5300 5600 5900 6200 6500 6800
Time [s] ;
— __—To
5 o0s | 4
£
s 0.6
o 04 F
=
72 02 f
9]
Q: 0 1 1 1 1 1 )
5000 5300 5600 5900 6200 6500 6800
Time [s]

Figure 12. Unsteady flow characteristics of an air-lift pump at start-up, i.e.,, when beginning the
input of air at 36 kg/s mass flow rate of air (left panel), followed by specifying 0.5 MPa(G) back
pressure (right panel).

Figure 13 shows the unsteady flow characteristics of an air-lift pump; the transient
response of air flow rate (the first), slurry flow rate (the second), mass flow rate of REE-
rich mud (the third), and polymetallic nodules (the fourth, only right panel) when begin-
ning the feed of REE-rich mud at 2% volume concentration (left panel) and when begin-
ning the feed of polymetallic nodules at 87.7 kg/s while keeping 2% volume concentration
of REE-rich mud (right panel). The mass flow rate of air is 36 kg/s, and the back pressure
is 0.5 MPa(G). In the first graph of both panels, the solid line: air flow rate at the top of the
lifting pipe, the dashed line: at the air injection point, and the dashed-dotted line: at the
inlet of the air pipe, i.e., specified air flow rate. In the second graph, the solid line: slurry
(seawater or mud water plus polymetallic nodules) flow rate at the top, and the dashed
line: at the bottom. In the third graph, the solid line: mass flow rate of REE-rich mud at
the top, the dashed line: at the bottom, and the dashed—dotted line: volume concentration
of REE-rich mud at the bottom. In the fourth graph (only right panel), the solid line: mass
flow rate of polymetallic nodules at the top, and the dashed line: at the bottom. In both
cases, the slurry flow rate gradually decreases after they begin to be fed at the bottom. It
takes 720 s and 760 s, respectively, to lift REE-rich mud and polymetallic nodules from the
bottom to the top. The mass flow rates of both REE-rich mud and polymetallic nodules at
the top gradually increase. The rate of increase at the top is slower than that specified at
the bottom because REE-rich mud and polymetallic nodules are dispersed during lifting.
It takes 1320 s and 3680 s to reach the steady state after beginning the feed, respectively.
When beginning the feed of polymetallic nodules while keeping a 2% volume concentra-
tion of REE-rich mud, the mass flow rate of REE-rich mud gradually decreases (right
panel).
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Figure 13. Unsteady flow characteristics of an air-lift pump when beginning the feed of REE-rich
mud (left panel) and polymetallic nodules (right panel) with 36 kg/s mass flow rate of air and 0.5
MPa(G) back pressure.

Figure 14 shows the unsteady flow characteristics of an air-lift pump; the transient
response of air flow rate (the first), slurry flow rate (the second), mass flow rate of REE-
rich mud (the third), and polymetallic nodules (the fourth, only left panel) when stopping
the feed of polymetallic nodules while keeping a 2% volume concentration of REE-rich
mud (left panel), and when stopping the feed of REE-rich mud (right panel). The mass
flow rate of air is 36 kg/s, and the back pressure is 0.5 MPa(G). In both cases, the mass flow
rates at the top of the lifting pipe temporally increase by a factor of 1.38 for polymetallic
nodules and 1.11 for REE-rich mud over those at the steady state, and then decreases to
zero finally over 1000 s (polymetallic nodules, left panel) and 900 s (REE-rich mud, right
panel). The slurry flow rate gradually increases while the mass feed flow rates decrease.

Figure 15 shows the unsteady flow characteristics of an air-lift pump; the transient
response of air flow rate (the first), seawater flow rate (the second), and pressure (the third,
only left panel) when releasing 0.5 MPa(G) back pressure (left panel) and when stopping
the input of air at the air pipe inlet from 36 kg/s mass flow rate of air (right panel) over
360 s. When releasing the back pressure, the seawater flow rate gradually increases and
reaches a steady state. When stopping the input of air, the seawater flow rate gradually
decreases, even though seawater continues to discharge for a while before finally reaching
zero after 720 s.



J. Mar. Sci. Eng. 2025, 13, 267

18 of 25

4000 4000
Mg =36 kg/s E}pﬂ ) Mg =36 kg/s I\qu ;
= L — 05 MPa(G) | ===== ir inj. pt. = L — 05 MPa(G) | ===== ir inj. pt.
8 3000 Back pres. =0.5 MPa(G) | =™~ Alr pipe inlet g 3000 Back pres. =0.5 MPa(G) | =™~ ‘Al pipe inlet
T 2000 E 2000
& Z
- 1000 | © 1000 |
S S
23,000 23300 23,600 23,900 24200 24,500 24,800 25100 25400 28,400 28,700 29,000 29,300 29,600 29,900 30,200 30,500 30,800
120 120
= 100 | 100 |
e (=1
= 80 é 80
E 60 | T 60
& 40 Sansassest = 4o r
20 S0
Q'l 0 1 1 X 1 1 1 1 J 0 1 1 1 1 1 1 J
23,000 23300 23,600 23,900 24,200 24,500 24,800 25100 25,400 28400 28,700 29,000 29,300 29,600 29,900 30,200 30,500 30,800
8000 4 0.05 8000 0.05
Top Top 1.11 times 0.04
1004 00 L lemee- : !
~6000 ,_ﬁﬁooo i Bot_tom of steady state
= 03T T - . - Cx:Bottom - 0.03
24000 = = 4000 ~ steady state =
5 0024 & - N 0.025
2000 1 001 2000 RN 001
0 . . . . . . 0 0 : L : . 0
23,000 23300 23,600 23,900 24200 24,500 24,800 25100 28,400 28,700 29,000 29,300T_29,6[O]0 29,900 30,200 30,500
me |S
12,000 - ~ 1.38 times
10,000 of steady state
= 8000 ~ steady state
= 6000 F
= 4000 | Top
2000 . Bottom
23,000 23300 23,600 23900 24,200 24,500 24,800 25100 25400
Time [s]
Figure 14. Unsteady flow characteristics of an air-lift pump when stopping the feed of polymetallic
nodules (left panel) and REE-rich mud (right panel), with 36 kg/s mass flow rate of air, 0.5 MPa(G)
back pressure, 2% volume concentration of REE-rich mud, and 87.7 kg/s feed rate of polymetallic
nodules. Note that the solid, dashed, and dashed-dotted lines in each graph represent the same
items shown in Figure 13.
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Figure 15. Unsteady flow characteristics of an air-lift pump at shut-down, i.e., releasing back pres-

sure from 0.5 MPa(G) to zero (left panel) and stopping the input of air from 36 kg/s (right panel).

Note that the solid, dashed, and dashed—dotted lines in each graph represent the same items shown

in Figure 12.
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4.4. Results and Discussion: Unsteady Flow Characteristics Associated with Disturbances

Figure 16 shows the unsteady flow characteristics of an air-lift pump; the transient
response of air flow rate (the first), slurry flow rate (the second), mass flow rate of REE-
rich mud (the third), and polymetallic nodules (the fourth) when changing the feed rate
of polymetallic nodules periodically. The disturbance follows a sinusoidal wave, with am-
plitude from the steady state of 25.0 kg/s, and a period of 300-1200 s at 36 kg/s air flow
rate, 0.5 MPa(G) back pressure, 2% volume concentration of REE-rich mud, and 87.7 kg/s
feed rate of polymetallic nodules. The graphs in the left panel show the result for a dis-
turbance with a 300 s period, and the ones in the right panel show the results for an 800 s
period. Figure 17 shows the normalized magnitude of the fluctuations in the mass flow
rate of polymetallic nodules (the first) and the mixture, i.e., air plus slurry flow rate (the
second). The time series data for fifty periods were analyzed at 4 s intervals by the discrete
Fourier Transform (DFT) function embedded in NumPy ver.1.21.2 under Python ver.3.9.7
[34]. When the feed rate of polymetallic nodules changes periodically, the concentration
of polymetallic nodules in the lifting pipe fluctuates, and the fluctuation propagates to the
top. If the fluctuation period is longer than the time required for passage through the lift-
ing pipe, 760 s for polymetallic nodules as shown in Figure 13, the fluctuation in the con-
centration of polymetallic nodules propagates to the same amount. If the period is shorter,
then the fluctuation in concentration is averaged during transport through the lifting pipe
and attenuated at the top. Also, the flow of each phase fluctuates along the lifting pipe. In
particular, at a period of 700 to 900 s, which is close to the transit time through the lifting
pipe, the magnitude is larger than that in the rest of the range of periods (the second graph
in Figure 17). On the other hand, the magnitude is small at periods shorter than the time
required for passage through the lifting pipe, which is consistent with the experimental
results as shown in Figure 9. The fact that the air flow fluctuates at the air injection point,
even though the air flow rate at the air pipe inlet is constant, is also one of the reasons that
the fluctuations grow in the lifting pipe.
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Figure 16. Unsteady flow characteristics of an air-lift pump; the transient response against a dis-
turbance; periodic fluctuations of the feed rate of polymetallic nodules following a sinusoidal wave
with a period of 300 s (left panel) and 800 s (right panel) at 36 kg/s mass flow rate of air, 0.5 MPa(G)
back pressure, 2% volume concentration of REE-rich mud, and 87.7 kg/s feed rate of polymetallic
nodules. Note that the solid, dashed, and dashed-dotted lines in each graph represent the same

items shown in Figure 13.
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Figure 17. Normalized amplitudes of mass flow rate of polymetallic nodules (the first), and mixture
(air plus slurry) flow rate (the second) for each period of disturbance. Note that subscript “st. st.”

means steady state.

5. Conclusions

The unsteady flow characteristics and the performances of a production system with
an air-lift pump for lifting polymetallic nodules and REE-rich mud under the 5500-5700
m seabed around Minamitorishima island were investigated by numerical analyses. The
one-dimensional drift—flux model was used to solve the gas-liquid—solid three-phase flow
and gas-liquid flow in the lifting pipe.

First, the reliability of the schemes and the program was verified by comparing the
numerical results of unsteady flow characteristics, i.e., the transient response of the air-lift
pump with the experimental ones. The numerical results represented the unsteady flow
characteristics of the experimental ones well.

Next, numerical simulations were conducted. The simulation model is related to a
commercial production system operated in the deep sea around Minamitorishima island,
and the conditions used in the simulations fit the expected production rates. The following
lifting performances for the commercial production system were derived under the di-
mensions of the air-lift pump:

Length of the lifting pipe: 5640 m;

Water depth of the lifting pipe: 5600 m;

Water depth at the air injection point: 2000 m;

Diameter is below the air injection point: 0.4 m;

Diameter above the air injection point: 0.5 m;

Diameter above a 500 m water depth: 0.6 m.

and operational conditions:

Mass flow rate of air: 36 kg/s;
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Back pressure: 0.5 MPa(G);

Slurry (seawater or REE-rich mud water plus polymetallic nodules) flux: 4.5 m/s;
Polymetallic nodules: Dp of 20 mm, Cp of 1.17;

REE-rich mud: original mud water without pre-processing.

In the case of lifting polymetallic nodules, the production rate (total mass flow rate)
is 11,020 t/d, the volume concentration of polymetallic nodules is 11.33%, and the effi-
ciency is 0.378.

In the case of hybrid lifting, while keeping a 2% volume concentration of REE-rich
mud, the production rate is 10,140 t/d (polymetallic nodules: 7620 t/d, REE-rich mud: 2520
t/d), the volume concentration of nodules is 7.79%, and the efficiency is 0.373.

In the case of hybrid lifting, while keeping a 3% volume concentration of REE-rich
mud, the production rate is 9480 t/d (polymetallic nodules: 5610 t/d, REE-rich mud: 3870
t/d), the volume concentration of nodules is 5.74%, and the efficiency: 0.364.

In the case of lifting REE-rich mud, the production rate is 7600 t/d, the volume con-
centration of REE-rich mud is 5.59%, and the efficiency is 0.338.

The power requirement is about 9.3 MW and the mixture velocity at the exit of the
lifting pipe is 19.2 m/s for all the cases.

The unsteady characteristics of the air-lift pump for the commercial production sys-
tem, such as at start-up, shut-down, and when starting or stopping the feed of polymetal-
lic nodules and REE-rich mud were evaluated. The following were concluded from the
simulations regarding the unsteady flow characteristics of the system:

(1)  Regarding the start-up and shut-down stages, seawater begins to discharge at the top
of the lifting pipe 180 s after beginning the input of air from the air pipe inlet at 36
kg/s mass flow rate of air. The maximum flow rates of air and seawater are higher by
factors 3.66 and 3.38, respectively, than those at a steady state. The system reaches a
steady state after 1500 s. When the air input at the air pipe inlet is stopped from the
36 kg/s mass flow rate of air, the seawater flow rate gradually decreases, even though
seawater continues to discharge for a while, finally reaching zero after 720 s.

(2) Regarding the feed of polymetallic nodules and REE-rich mud starting and stop-
ping, the slurry flow rate gradually decreases when beginning the feed of REE-rich
mud at 2% volume concentration, and when beginning the feed of polymetallic nod-
ules at 87.7 kg/s while keeping a 2% volume concentration of REE-rich mud. It takes
720 s and 760 s, respectively, to lift REE-rich mud and polymetallic nodules from
the bottom to the top of the lifting pipe. The mass flow rate of both REE-rich mud
and polymetallic nodules at the top gradually increases. The rate of increase at the
top is slower than that specified at the bottom because REE-rich mud and
polymetallic nodules are dispersed during lifting. When the feed of polymetallic
nodules stops while keeping a 2% volume concentration of REE-rich mud, and
when the feed of REE-rich mud stops, the mass flow rates at the top of the lifting
pipe temporally increase by a factor 1.38 (polymetallic nodules) and 1.11 (REE-rich
mud) over those at steady state and then decreases to zero finally over 1000 s
(polymetallic nodules) and 900 s (REE-rich mud). The slurry flow rate gradually
increases while the mass feed flow rates decrease.

(3) Regarding associated disturbances, when the feed rate of polymetallic nodules
changes periodically, the concentration of polymetallic nodules in the lifting pipe
fluctuates, and the fluctuation propagates to the top. If the fluctuation period is
longer than the time required for passage through the lifting pipe: 760 s for
polymetallic nodules, the fluctuation in the concentration of polymetallic nodules
propagates to the same amount. If the period is shorter, then the fluctuation in
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concentration is averaged during transport through the lifting pipe and attenuated
at the top. Also, the flow of each phase fluctuates along the lifting pipe. In particular,
at a period of 700 to 900 s, which is close to the transit time through the lifting pipe,
the magnitude is larger than that in the rest of the range of periods. In contrast, the
magnitude is small at periods shorter than the time required for passage through
the lifting pipe, which is consistent with the experimental results. The air flow fluc-
tuates at the air injection point, even though the air flow rate at the inlet of the air
pipe is constant. This is also one of the reasons for the increase in the fluctuation in
the lifting pipe.

In this study, we demonstrated that the program and the schemes could simulate the
unsteady flow characteristics and the lifting performance of a commercial production sys-
tem using an air-lift pump for the hybrid lifting well, and they could derive useful infor-
mation and know-how in advance for safely and continuously operating the system. They
would enable one to optimize the design and the operation of the hybrid lifting using an
air-lift pump by considering not only increasing the efficiency technically and the benefits
economically but also suppressing the environmental disturbance in the deep sea if fur-
ther studies are advanced.
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Nomenclature
G, drag coefficient of particle [-]
parameter to calculate drift velocities of the & -
Ceo phase (k = G,S) [-]
Cs volume concentration of polymetallic nodules [-]
c volume concentration of (REE-rich) mud within
X

liquid-phase (= F /) []
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a representative pipe diameter of lifting pipe [m]
pipe diameter of air pipe [mm, m]

pipe diameter of lifting pipe [mm]

pipe diameter at range of L, [m]

pipe diameter at range of L, [m]

pipe diameter at range of L;;; [m]

particle diameter [mm]

volume fraction of the k -phase (k =G,L,S) [-]
gravitational acceleration [m/s?]

water depth of air-lift pump (length of lifting pipe
from sea surface to bottom) [m]

flux of the k -phase (k = G,L,S) [m/s]

mixture flux [m/s]

mixture flux at exit [m/s]

flow consistency index [Pa-s"]

a representative length in axial direction of lifting
pipe [m]

total length of air pipe [m]

total length of lifting pipe [m]

length of lifting pipe from sea surface to air
injection point [m]

length of lifting pipe from sea surface to 500 m
water depth [m]

length of lifting pipe from 500 m water depth to
air injection point [m]

length of lifting pipe above sea surface [m]
length of lifting pipe under air injection point [m]
molecular weight, air: 2.88 x 102 [kg/mol]

mass flow rate of air [kg/s]

mass flow rate of polymetallic nodules [t/d]
mass flow rate of REE-rich mud [t/d]

power requirements of air compressor [W]

flow behavior index [-]

atmospheric pressure, 1.01 x 10° [Pa]

pressure in air pipe [Pa]

pressure at outlet of air pipe [Pa]

pressure at inlet of air pipe [Pa]

pressure of mixture in lifting pipe [Pa]

air flow rate [Nm?/min]

gas constant, 8.3145 [J/(mol-K)]

temperature [degrees (Celsius)]

time [s]

velocities of the k& -phase (k = G,L,S) [m/s]
parameter to calculate drift velocities of the & -
phase (k =G,S) [m/s]

drift velocities of the k -phase (k =G,S)
(velocities of the k -phase (k = G,S) relative to
mixture flux) [m/s]

center-of-mass velocity of mixture [m/s]

terminal velocity of particle [m/s]
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velocities of the k -phase (k = G,L,S) relative to

W, the center-of-mass velocity of mixture
(=Vi=W) [mys]
Z, parameter in Akagawa’s formula [-]

coordinate in the axial direction of lifting pipe,

z from bottom to top [m]
Greek Letters
r source term of the k -phase (k = G,L,S) per unit
k volume [kg/(m? s)]
4 shear rate [s7!]
AP pressure drop by flowing liquid-phase with
L liquid flux [Pa]
AR, pressure drop of mixture [Pa]
At time-step [s]
£ porosity (= F, /(F, +F)) [-]
n efficiency of air compressor [-]
A pipe friction factor [-]
Hy viscosity of seawater [Pa-s]
Pu density of mixture [kg/m?3]
P density of the k -phase(k = G,L,S) [kg/m?]
T shear stress [Pa]
Ty shear stress by pipe friction [Pa]
Subscripts
G gas-phase
L liquid-phase
S solid-phase
Abbreviations
UF underﬂow mud water, which contains high con-
centrations of REEs
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