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Abstract: Rare-earth mud and manganese nodules coexist on the seafloor around Minamitorishima
Island. To investigate the feasibility of a pulp-lift system that can ensure economic efficiency by
pumping manganese using rare-earth mud as the working fluid, we conducted pulp-lift experiments
at a head of 5.0 m using a squeeze pump for mortar pumping. In the study, we used carboxymethyl-
cellulose (CMC) as the working fluid, which is a pseudo-plastic fluid like deep muddy seawater. We
investigated the effects of the viscosity of the working fluid and the pump pulsation characteristics
on lifting. The results revealed that the drag force acting on the pumped ore increased as the fluid
became more viscous and the pulsation period became higher, while the reverse flow rate increased
due to the negative pulsation pressure. This suggests that there is an optimum value for the viscosity
of the working fluid.

Keywords: pulp-lift; rare-earth mud; manganese nodules; pseudoplasticity; pulsation

1. Introduction

Rare-earth mud and manganese nodules coexist on the seafloor around Minamitor-
ishima Island, which is within Japan’s EEZ [1]. Although airlift, pump-lift and mechan-
ical methods have been proposed for pumping up these seabed resources, all of them
have problems in terms of economic efficiency and environmental impact. The pulp-lift
method [2], which transports manganese nodules using a highly viscous working fluid
mixed with rare-earth mud and seawater, is being considered [3]. From an economic per-
spective, the implementation of this method would be beneficial as it allows for the simul-
taneous pumping of both resources.

The authors in [4] conducted a basic study of the pulp-lift method using mud from
offshore Hawaii as a working fluid. The results revealed that mud has a higher pumping
potential than seawater. Similar results were also confirmed by Orita et al. [5]; thus, there
is a possibility that ore can be pumped even at low flow velocities by increasing viscosity.
However, many issues remain to be resolved to effectively use the pulp-lift method. In this
study, we attempted to solve some of these issues.

First, rare-earth mud is reported to be a pseudo-plastic fluid [6], and the viscosity of
the working fluid during pumping is considered to have a significant effect on the pump-
ing efficiency. However, the B-type viscometer used by the authors in [4] could not directly
calculate the shear rate [7]. Therefore, a concentric double-cylinder rotational viscometer
was used in this study to directly calculate shear stress and shear rate. In addition, it is im-
portant to evaluate the viscosity of the working fluid more accurately. Shimizu et al. found
that the modified Herschel-Bulkley model was a better fit than the power-law model [8],
so the former model was used for fitting in this study.

Finally, while a mono pump creates a stable and low flow environment, the pumping
efficiency is low [5]. Therefore, a squeeze pump for mortar pumping is desirable to create
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a high flow velocity environment from an economic point of view. However, the squeeze
pump causes pulsations in the flow, so itis necessary to understand the effects of pulsations
on the fluid and ore during pumping.

In summary, the purpose of this paper is to conduct pulp-lift experiments to improve
the evaluation accuracy of the working fluid viscosity and understand the effects of viscos-
ity and pump pulsation on the pumped ore.

2. Materials
2.1. Working Fluid

In this study, carboxymethylcellulose (CMC) was used as the working fluid [4,5]. If
rare-earth mud were used as the working fluid, the conditions during pumping would not
be visible. On the other hand, CMC is a transparent solution and exhibits pseudoplasticity
similar to rare-earth mud. Therefore, CMC was used to visually understand the behavior
of the working fluid and ore pumped in a pulsating environment.

To examine the effects of the viscosity of the working fluid, five different concentra-
tions of working fluids were prepared using the mass concentration of CMC as a parameter:
0% (water), 0.5%, 0.75%, 1.0%, and 1.2%. Table 1 shows the density of each working fluid;
as seen, there is no significant difference in density.

Table 1. Density of the working fluids used in this study.

Working Fluid Density [kg/m®]
Water 999.9
CMC 0.5% 1031
CMC 0.75% 1007
CMC 1.0% 1015
CMC 1.2% 1090

2.2. Viscosity Experiments

Viscosity tests were conducted on CMC to determine the difference in viscosity at each
mass concentration. As mentioned, the shear rate could not be directly calculated with a
B-type viscometer, so viscosity tests were conducted using a coaxial cylinder rotational
viscometer (AMETEK Brookfield, MA, USA) that can directly calculate shear stress and
shear rate. As shown in Figure 1, the viscometer has a small gap between the inner and
outer cylinders, and the shear rate of the sample inside can be regarded as constant, so
the viscosity can be obtained from a theoretical equation [7]. During the viscosity test,
the material temperature was set at 20 °C, and the rotation speed of the viscometer was
increased in sequence from 0.1 rpm to 200 rpm. The measured values were obtained after
one minute of holding at each rotation speed.

Coaxial cylinder B-type
rotational viscometer viscometer

Figure 1. Schematic illustration of the viscometers used in this study.
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2.3. Results

Figure 2 shows the line graph of shear rate and viscosity from the viscosity tests. Solid
mark and line represent the data in this study, and open mark and dotted line represent
past data [4]. The circle indicates CMC and the square indicates mud from offshore Hawaii.
Comparing the results of the previous report with those of CMC 1.0% in this study, the
present results show lower viscosity at the same shear rate. This is because B-Type vis-
cometers generally underestimate the shear rate [9], and this tendency is also confirmed
in this study. The viscosity characteristics of CMC 0.5% and 0.75% were almost the same.
Since viscosity inversion was observed between fluids in the low-concentration range in the
previous report [4], the accuracy of clay measurement in the low-viscosity range was dif-
ficult to determine regardless of the viscometer. Therefore, we decided not to re-measure
the viscosity of the clay.
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Figure 2. Results of the viscosity experiments.

Comparing the viscosities of the mud and CMC, the viscosity of CMC 0.5% to 1.2%
is within the range of 5% to 16% of the Hawaiian mud in mass concentration. Since the
viscosity characteristics of the mud and CMC are similar, we decided to use CMC instead
of mud in this study to verify the viscosity effect.

2.4. Estimation of the Viscosity Curve

Like rare-earth mud, CMC is also a pseudo-plastic fluid that exhibits a decrease in
viscosity with an increase in shear rate. To evaluate the viscosity of the working fluid in
this experiment, it is necessary to estimate the apparent viscosity at an any shear rate.

When estimating the viscosity of the original mud using the power-law model (here-
inafter referred to as the P model) shown in Equation (1), there is a large deviation from
the experimental data, especially in the low shear rate region [4]. Therefore, the modified
Herschel-Bulkley model (hereinafter referred to as the HBP model), shown in Equation (2),
was used in this study, which can reproduce the viscosity characteristics of a pseudo-
plastic fluid like rare-earth mud with higher accuracy [8]. The equations are shown below.

-n—1

n =Ky (1)

p="2 (1 - e*m) + K" @)
i

where p is the viscosity [Pa-s], 7, is the yield stress, m is the coefficient of yield stress cor-

rection term, 7 is the shear rate [1/s], K is the pseudo-plastic viscosity [Pa-s], and # is the

viscosity index.
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Figure 3 shows the plots of shear rate ¢ and viscosity y of the HBP and P models at
CMC 0.75%. The parameters were estimated using the method of Hatakeyama et al. [10].
In the estimation of CMC viscosity, the HBP model showed a better fit in the region of
shear rate below 20.0 s~!, although not as pronounced as the results obtained with the
original mud [8]. The HBP model showed a slightly better R? value than the P model for
all concentrations of CMC used in the experiments.

10
data

8 —HBP model
5 6L P model
©
o
— 4
3
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O | | |

0 20 40 60 80

y [1/s]
Figure 3. Comparison of HBP model and P model (CMC 0.75%).

Figure 4 shows the plots of pseudo-plastic viscosity K and viscosity index n coeffi-
cients of the HBP model for each concentration of CMC. The figure also shows viscosities
of CMC 1.1% to 2.0% for comparison. K does not change significantly up to CMC 0.75%
but increases rapidly above 0.75%. On the other hand, n showed a tendency to decrease
with increasing concentration. In other words, the increase in K becomes larger as the
concentration increases above a certain level, indicating that a larger pressure is required

for flow.
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Figure 4. Relation of K and n with CMC concentrations (HBP model).

3. Pulp-Lift Experiments
3.1. Experimental Conditions

A simulated pumping pipe system was constructed using circular pipes to confirm
whether or not the ore could be pumped and to check the flow velocity and pressure dur-
ing pumping. CMC was used as the working fluid, and aluminum balls were used as
ores. Figure 5 shows a schematic diagram of the experimental facility. Thick-walled vinyl
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chloride pipes with an inner diameter of 50 mm were used for the pipelines, with hori-
zontal sections of about 5.0 m and vertical sections of about 5.0 m connected by elbows
(R=95 mm), for a total pipeline length is about 10 m. The top vertical end was open to
atmospheric pressure. The working fluid was circulated by a hopper. Ore was introduced
into the pipeline through an ore feed section installed in a branch pipe located in the hori-
zontal pipeline near the pump.

. pressure gauge

- electromagnetic velocity meter

. electromagnetic flow meter

} o oo

. flow direction

Sm
hopper
Ore @
1 entrance T
A O50mm @ — 0.5m

pump DIOIK 2) vinyl chloride pipe(3 SR - -

ml ; T

video camera @ S sm "

Figure 5. Schematic illustration of experimental equipment.

3.1.1. Ore

Table 2 shows the specifications of ores used in the experiments. Aluminum balls (spe-
cific gravity: 2.8 kg/m3) was used because they had similar specific gravity to manganese
nodules (wet specific gravity 2.0 kg/m3). Three types of aluminum balls with diameters of
10, 20, and 30 mm (hereafter A10, A20, and A30) were used. One ball of each size was fed
into the pipe for each experimental condition to determine whether the ore could be lifted.
It was assessed on the basis of whether the ore reached the 5.0 m vertical point or not.

Table 2. Specifications of ores.

Ore Diameter [mm] Mass [g] Density [kg/m®]
Aluminum small (A10) 10 1.47 2800
Aluminum medium (A20) 20 11.7 2800
Aluminum large (A30) 30 39.7 2810
Manganese Nodules 30 7.07 2000

3.1.2. Velocity Conditions

As in the previous report [4], a squeeze pump (ShinMaywa Industries, Ltd., MM200,
Hyogo, Japan) was used. The flow velocity conditions were determined by a flowmeter
(Keyence Corp., FD-Q50C, Osaka, Japan) so that each positive mean flow velocity was 0.5,
1.0, and 1.5 m/s at 1% CMC.
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3.1.3. Observation Conditions

A total of six pressure gauges (KYOWA Electronic Instruments Co., Ltd.,, PGM-E,
Tokyo, Japan) were installed to measure the pressure in the ducts during the experiment.
Three were for horizontal pipes, and the others were for vertical pipes. When a squeeze
pump was used, pulsation occurred in the flow, so it caused periodic flow reversals. Since
the flow velocity at the reversal cannot be measured with a pipe flowmeter, an electromag-
netic anemometer (JFE Advantech Co., Ltd., ACM2-RS, Hyogo, Japan) capable of measur-
ing in both directions was installed at each location, one in the horizontal section and one
in the vertical section. In addition, cameras were installed one at the pump, one in the hor-
izontal piping section and two in the vertical piping section, to record the behavior of the
fluid and ore during pumping. As shown in Table 3, experimental conditions were varied
in terms of working fluid concentration and flow velocity in the pipe to confirm whether
three types of ores could be pumped. Some experiments were also conducted to measure
the flow velocity and pressure in the pipe without ore flowing through it.

Table 3. Experimental conditions.

Title Contents
Working fluid Water, CMC 0.5%, CMC 0.75%, CMC 1.0%, CMC 1.2%
Velocity [m/s] 0.5,1.0,1.5
Ore A10, A20, A30
Height [m] 5.0

3.2. Results
3.2.1. Pulp-Lift Results

Table 4 shows the pulp-lift results of each experiment. The circle indicates that the
ore reached the 5.0 m vertical point. Similar to a previous report [4], it was revealed that
the ore could be lifted with CMC even though it was impossible to lift with water. On the
other hand, in CMC 1.2%, A20 and A30 could not be lifted at the flow velocity of 1.5 m/s
even though all ores could be lifted in other experiments. This is due to the reverse effect of
pulsation accompanying the increase in CMC concentration, which will be discussed later.

Table 4. Results of lifting ores.

No. V [m/s] Ore Working Fluid
Water CMC0.5% CMC1.0% CMC1.2%

Al10 - O O O
0.5 A20 -
A30 -
A10 O
1.0 A20 -
A30 -
A10
1.5 A20
A30

O|0|0|0O|0

O |00 || |G || W[ NP
O|0|O|I0|0|0O|0
O|O0|O0|I0|0|0O|0

O[O0

3.2.2. Reynolds Number

Figure 6 shows changes in flow velocity and pressure during an experiment. Both
exhibit periodic pulsating flows, with the occurrence of a phase delay. Since CMC is a
pseudo-plastic fluid, its apparent viscosity changes over time due to the flow velocity fluc-
tuations, causing the Reynolds number Re to also change over time. Therefore, in this
study, the Reynolds number is evaluated using v, which is the average flow velocity per
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one pulsation’s period T, as the velocity scale in each experiment. Equation (3) shows Re

of the HBP model.
pxD"v3 "

143n - (8om\ " an \7"
1+2nT}/<T) + K5

where D is the pipe diameter [mm] and v, is the average velocity per one period [m/s].

®)

Re = 81"

02 T T T T T T T T T 2
—pressure ---flow velocity
I 0" " H) "\‘ n n 1
s 015 Y B N A A A i e
o R R L i P ' Y
= VIR Vb VI B SV E N VL E
o 0.1 Fary
S kS)
2 is 3
< 0.05 2
o, == 0
0 I I I I —-0.5
0 2 4 6 8 10

Figure 6. An example of velocity and pressure (CMC 0.5%, 1.0 m/s).

Figure 7 shows bar graphs of vy, for each fluid. Here, the experiment with CMC 1.2%
at 1.0 m/s is excluded because v); was negative. A significant decrease was observed in
CMC 1.0% and 1.2%. This was due to an increase in the backflow as the viscosity of the
working fluid increased.

14
i m0.5
12 f igs
r m1.0m/s
1 m1.5m/s
“ 08 |
£ g
§ 0.6
04 [
02 [
0 i H w |

water CMC0.5% CMCO0.75% CMC1.0% CMC1.2%

Figure 7. Average flow velocity in one pulsation’s period (vj;) for each experiment.

Figure 8 shows Re, excluding the experiment with CMC 1.2% at 1.0 m/s velocity be-
cause vy was negative. Re for water were in the order of 10* or higher, thus turbulent
range in all experiments, while those for CMC were in the order of 10° or lower, thus lam-
inar range in all experiments. The large difference in kinematic viscosity between water
and CMC is thought to have caused the difference in flow conditions.
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Figure 8. Reynolds number (Re) for each experiment.

3.2.3. Pulsation

To evaluate the amount of backflow due to pump pulsation, the ratio tTP was calculated
for each experiment. Here, {p represents the time when a positive flow occurred during
one pulsation’s period T. The results are shown in Figure 9.

Figure 9 shows that, except for the experiment with CMC 0.5% at 1.5 m/s, negative
flow velocities occurred during one pulsation’s period, indicating the occurrence of back-
flow. In the experiments with CMC 1.0% and 1.2%, the reduction in the rate of positive flow
velocities is noticeable as the flow velocity increases. On the other hand, for CMC 0.5%, the
time fraction of positive flow velocity increases with increasing flow velocity, especially at
1.5 m/s, where positive flow velocity always occurs. In this case, the frictional resistance
is considered to have decreased due to the submerged flow caused by the viscosity of
the fluid.

1

m0.5m/s

08 _ m1.0m/s
r m1.5m/s

06 [

0.4 [

02 |

o b

te/T

water CMC0.5% CMCO0.75% CMC1.0% CMC1.2%

Figure 9. Positive flow velocity duration ratio in one period (tT”) for each experiment.

Figure 10 shows the velocity amplitude ratio M, which is the ratio of the maxi-

mum turbulent component of the flow velocity to vy in each experiment. If it increases,
it means that the pump pulsation also increases. Figure 10 shows that the velocity ampli-
tude ratio tends to decrease with increasing flow velocity for water and CMC 0.5% and
0.75%. This indicates that in a low viscosity environment, the greater the flow velocity,
the more stable the flow. On the other hand, CMC 1.0% and CMC 1.2% show a greater

value of %, and different trends. This indicates that velocity fluctuations due to pump
pulsation became pronounced, because of high viscosity.
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Figure 10. Velocity amplitude ratio (lvg‘—;‘["‘) for each experiment.

Therefore, the results show that flow turbulence is suppressed when the CMC concen-
tration is around 0.5-0.75%, while the amplitude of turbulence increases when the CMC
concentration is 1.0% or higher.

4. Discussion
4.1. Results of Lifting Ore

The results of lifting ore using different working fluids are considered on the basis of
the balance of gravity, buoyancy, and drag F on the ore being pumped [11]. As shown in
Table 1, the difference in density between CMC and water is small, and the magnitude of
gravity and buoyancy forces on ores of the same size are independent of the difference in
working fluids. Therefore, the ability to lift the ore is greatly affected by changes in F, as
shown below.

F = 2pCpAuys @

where p is the fluid density [kg/m?], Cp is the drag coefficient, and A is the projected area
of sphere [m?].

As shown in Figure 7, there is no significant difference in flow velocity between water
and CMC, except for CMC 1.0% and 1.2%. Therefore, the value of Cp determines whether
the ore can be pumped.

Figure 11 shows the relationship between Re and Cp. Except in the transition region
between laminar and turbulent flows, Cp basically decreases with increasing Re.

1000 ¢
& —Clift and Grauvin
100 ¢
G 10
1 L
01 Ll Ll Ll Ll Ll L
0 1 10 100 1000 10,000 100,000
Re

Figure 11. Relation between Re and Cp.
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Figure 12 shows the results of drag for each experiment, using the value in Figure 8
for Re, vy for the velocity scale, and the value at A30 for the projected area A of the sphere.
Cp was calculated using the Clift and Grauvin equation. Re of water indicates turbulent
flow, while CMC indicates laminar flow, resulting in differences in Cp. As a result, it can
be assumed that a greater F is generated by CMC than by water for the same pumping
conditions.

0.6

m0.5m/s
0.5

m1.0m/s
0.4

ml1l.5m/s
= 0.3
0.2

0.1

water  CMCO0.5% CMCO0.75% CMC1.0% CMC1.2%

Figure 12. Drag (F) for each experiment with A30.

Additional sedimentation experiments of ores were conducted using vessels with the
same pipe diameters as those used in the pulp-lift experiments. Ores were gently intro-
duced into the vessel containing each working fluid, and the sedimentation rate of each
case was calculated. The results are shown in Figure 13.

1.00 x 100

1.00 x 101 mA10

m A20

1.00 x 1072
2 m A30

1.00 x 1073 F

1.00 x 104 E

Sedimentation rate [m/s]

1.00 x 1075 ¢

1.00 x 10-6

water  CMCO0.5% CMCO0.75% CMC1.0% CMC1.2%

Figure 13. Sedimentation rate.

Figure 13 shows that, in water, the sedimentation rate is higher for all ore sizes than
in CMC. This results in the ore settling over a greater distance in water than in CMC when
the flow return occurs due to pulsation, making it impossible to pump the ore in water at
low velocities. On the other hand, in CMC, the sedimentation rate is lower than in water.
This is significant in high concentrations, where the fluid and ore are considered to flow
almost as a single unit.



J. Mar. Sci. Eng. 2024, 12, 1448

11 of 12

The results indicate that if CMC is added to water, viscosity of the solution is in-
creased, and the drag force on the ore is also increased. In addition, sedimentation rate
is suppressed. Therefore, adding the CMC improves the ore lifting ability.

4.2. Effects of Pulsation Caused by Increased Viscosity

As mentioned earlier, the addition of CMC increased the drag force F acting on the
ore in the fluid, while making it impossible to lift A20 and A30 in CMC 1.2% at 1.5 m/s
flow velocity.

These results are influenced by the characteristics of the pseudo-plastic fluid shown
in Figure 4. When CMC is added to water, the pseudo-plastic viscosity K increases and
the viscosity index n decreases; the increase in K indicates an increase in frictional resis-
tance, and the decrease in # indicates a reduction in viscosity for the same shear rate. The
increase in K is larger, and the decrease in 7 is smaller around 1% of CMC concentration.
Therefore, the results of this experiment suggest that the fluid flowed similarly to water at
CMC 0.5% to 0.75% because of the reduction in viscosity during flow. This was because the
increase in shear rate during pumping was also large, even though the K of the working
fluid increased.

On the other hand, in CMC 1.0% or higher, the viscoelasticity of the fluid increases
with the increase in concentration. And the working fluid in the entire pipe moves as
one unit in response to pressure fluctuations of the pump. As a result, the backflow due
to pump pulsation becomes more pronounced, especially under high flow velocity condi-
tions, and the movement of ore in one cycle is considered to be canceled.

Therefore, when using a pump that produces pulsation, such as a mortar pump, an
excessive increase in viscosity amplifies the backflow due to pulsation, which in turn is
disadvantageous for lifting ores.

5. Conclusions

In this study, a pulp-lift experiment was conducted using CMC as the working fluid,
which exhibit viscosity characteristics similar to those of rare-earth mud. And we investi-
gated the effects of working fluid viscosity and pump pulsation on the pumping of man-
ganese nodules and rare-earth mud. The main conclusions of this study are as follows.

(1) Theresults of lifting ore using water and CMC as the working fluids showed that ores
that could not be pumped by water could be pumped using CMC. This is because the
increase in fluid viscosity suppressed turbulence in the pipe and increased the drag
force. In addition, the sedimentation of the ore at the time of reversal was suppressed.
Therefore, an appropriate increase in viscosity improves ore pumping efficiency.

(2) On the other hand, an excessive increase in viscosity causes an increase in backward
flow due to pump pulsation.

(3) Therefore, there is an optimum viscosity for pulp-lift ore pumping, and a viscosity of
about CMC 0.5% was optimum in this experiment.

The optimum concentration of working fluid for the pulp-lift system should be aligned
with the capacity of the pumps used in actual sea areas. Once the optimum concentration
is determined, producing the working fluid at that concentration in actual seas becomes
an issue. Furthermore, since density was not considered in this experiment, it is necessary
to use actual muddy seawater for further study.

The feasibility of the pulp-lift method depends on how much the economic value can
be increased by simultaneously pumping manganese nodules and rare-earth mud. How-
ever, an excessive increase in the volume concentration of rare-earth mud could have neg-
ative effects, as observed in the case of CMC in this study. The feasibility of the pulp-lift
method should be examined considering both economic efficiency and optimum pumping
conditions.
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