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Sphere pull-up and down tests to evaluate drag forces in viscous fluids to assess ideal ore  
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ABSTRACT: Efficient transportation of marine mineral ores from seafloor to the support vessels or platforms is one 

of the crucial problems for deep sea mining. For this, the authors focused on the carrier material circulation method. 

To assess lifting efficiency guaranteed by this method, the drag forces on ores in the vertical pipe were evaluated by 

conducting the sphere falling tests. However, it was unable to control the velocities of the falling sphere in these tests, 

and relatively small spheres were used. Therefore, in this research, a series of sphere pull-up and down tests are 

conducted by using larger spheres in two kinds of fluid, water and CMC1%. As a result of experiments, a linear 

relationship between the velocity and the drag force is proposed. Moreover, the ideal lifting condition for two fluids 

are evaluated by considering the relationship between the relative velocity ratio and the relative density ratio between 

the sphere and the carrier material. 
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1. INTRODUCTION  

Vertical transportation of marine mineral deposits, 
e.g., manganese nodules and massive sulphide deposits, 

is one of the crucial problems for deep sea mining. 

Although there were various suggestions for ore lifting 

from deep seafloor, the authors focused on the carrier 

material circulation method as one of the novel and 

promising technologies (Tani et al., 2018). In this 

method, waste discharges lifted up with marine mineral 

deposits can be minimized by circulating the carrier 

material that is a viscous fluid including fine particles. In 

addition, lifting efficiency can be enhanced by highly 

viscous nature of the carrier material.  

To evaluate lifting efficiency, a series of sphere 

falling tests were conducted using some ore models, 

OMs, in the previous research (Orita et al., 2021a, b). 

However, it was unable to control the velocities of the 

OMs in these tests, and relatively small diameters of 

OMs were used, dOM = 0.0191~0.0508m. Therefore, this 

research intends to propose a drag force model for OMs 

by conducting a series of sphere pull-up and down tests 

using larger OMs, dOM = 0.0508 and 0.0750 m.  

Fig. 1. Conventional ore lifting method, Left, and Carrier material circulation method, Right. 
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2. METHOD OF SPHERE PULL-UP & DOWN 

TESTS 

A series of Sphere Pull-Up and Down Tests, SPUDTs, 

were conducted to measure the drag forces on Ore 

Models, OMs. Fig.2 shows the experimental set-up. The 

diameter and height of the vertical pipe were dpipe = 

0.150 m and hpipe = 4.0 m, respectively. This vertical pipe 

was filled with Carrier Material, CM, up to hCM = 3.6 m. 

The OM was located at the initial height, l0 = 0.6 m, and 

it was pulled-up and hung-down in the middle of the 

vertical pipe by the motor for as long as umax = 2.0 m. 

While the OM was traveling in the vertical pipe, a load 

cell and a laser displacement transducer measured the 

load on pulley, Ta, and the lifting displacement, u. Two 

stainless balls with different diameters, dOM = 0.0508 m 

and 0.0750 m, were used as the OMs. The density of 

spheres was 𝜌𝜌OM = 7.87 Mg/m3.  

   The NX series motor with decelerator of 0.25 rate 

and a Data memory type controller, Oriental Motor Co., 

LTD., were used for controlling the motion of OM in the 

carrier material. As a result of calibration tests for the 

motor and the controller, the maximum displacement 

which could be operated at a stroke was 0.48 m and the 

minimum operating velocity was 0.0004 m/s. Therefore, 

in SPUDTs, the OMs were traveled 2 m with 5 strokes.  

Four different velocities were designated, Δu/Δt = vOM = 

0.0004, 0.004, 0.04, 0.12 m/s, respectively. Moreover, 

two kinds of CMs were used, the one was water, 𝜌𝜌water 

= 1.00 Mg/m3, and the other was CarboxyMethyl 

Cellulose solution with a concentration of 1%, CMC1%, 𝜌𝜌CMC = 1.01 Mg/m3. CMC is commonly used to control 

the viscosity of muddy water for drilling. 

The equilibrium equations are for the OM and the 

pulley as follows; 

 0 = 𝑊𝑊 − 𝐹𝐹B − 𝐹𝐹d 
(1) 

 𝑇𝑇a = 2𝑚𝑚OM𝑔𝑔 + 2(𝐹𝐹d − 𝐹𝐹B)          +𝑓𝑓𝑟𝑟p + (𝑚𝑚p + 𝑚𝑚h)𝑔𝑔          +2𝑚𝑚pw/𝑙𝑙pw (ℎp − 𝑢𝑢 − 𝑙𝑙0− 12 𝑑𝑑OM) 𝑔𝑔          +2𝜋𝜋𝑑𝑑pw𝜏𝜏CM (ℎCM − 𝑢𝑢 − 𝑙𝑙0− 12 𝑑𝑑OM) 

 

(2) 

 

where W, Fd, FB and mOM are the self-weight of the OM, 

the drag force on the OM, the buoyance force on the OM, 

the mass of the OM, mp and mh are the mass of pulley 

wheel and holder, mp + mh = 0.11 kg, frp is the rotational 

friction of pulley, frp = 0.7 N, mpw is the mass of the piano 

wire, mpw = 0.0003 kg, lpw is the length of the piano wire, 

lpw = 5 m, and 𝜏𝜏CM is the shear stress on the piano wire. 

Eq.3 shows the drag force model by Ansley (1967).  

In this Ansley’s model, CM is assumed as the Bingham 

 𝐹𝐹d = 3𝜋𝜋𝑑𝑑OM𝜂𝜂p𝑣𝑣OM + 78 𝜋𝜋2𝑑𝑑OM2 𝜏𝜏y (3) 

Fig. 3. Example of result of sphere pull-up and down tests. CMC 1%, dOM = 0.0750m in 0.04m/s traveling.  

(Left) pull-up motion, (Right) pull-down motion 

Fig. 2. Schematic of sphere pull-up and down tests with 

information of material properties of OMs and CMs. 
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− 𝑘𝑘 = Δ𝐹𝐹d/Δ𝑣𝑣OM𝐹𝐹𝑑𝑑 = 𝑘𝑘𝑣𝑣𝑂𝑂𝑂𝑂 + 𝐹𝐹𝑑𝑑∗

𝜏𝜏y 𝜂𝜂p 𝜏𝜏y 𝜂𝜂p
・ 𝜏𝜏y 𝜂𝜂p ・

𝜌𝜌CM𝑣𝑣OM𝑑𝑑pipe𝜂𝜂p ≦

= Δ /Δ

 

 

fluid with the yield stress, 𝜏𝜏y, and the plastic viscosity, 𝜂𝜂p . The values of 𝜏𝜏y  and 𝜂𝜂p  for CMC1% were 
evaluated as 14.8 Pa and 13.2 Pa・s in the sphere falling 

tests, respectively (Orita, 2021a). 

 

 

Fig. 4. The cases for CMC1%. (Right) dOM = 0.0508 m, (Left) dOM = 0.0750 m. 

 

Fig. 5. The cases for water. (Right) dOM = 0.0508 m, (Left) dOM = 0.0750 m. 
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 3. EXPERIMENTAL RESULTS  

Fig.3 shows some examples of measured results of 

SPUDTs. From Eq.2 and the measured Ta shown in Fig.3, 

the relationship between the drag force, Fd, acting on 

OM and the velocity of OM, vOM, in CMC 1% and water 

are calculated as shown in Figs. 4 and 5. These 

trajectories show a clockwise circulating patterns in line 

with the acceleration and the deceleration processes. The 

concentrated data groups were found at the designated 

velocity conditions, vOM = 0.0004, 0.004, 0.04, 0.12 m/s.  

These concentrated data groups are found to linearly 

increasing Fd with vOM and symmetric about the origin, 

Fd,up = −Fd,down. Then, a linear relationship between Fd 

and vOM is proposed as Eq.4, where 𝑘𝑘 = Δ𝐹𝐹d/Δ𝑣𝑣OM 

and Fd
* is the yield drag force for vOM is zero. 

 𝐹𝐹𝑑𝑑 = 𝑘𝑘𝑣𝑣𝑂𝑂𝑂𝑂 + 𝐹𝐹𝑑𝑑∗ (4) 

Linear fittings to calculated Fd were conducted to 

show as solid lines in Figs. 4 and 5. In addition, 

theoretical predictions of Fd, by the Ansley’s model 

using the values of 𝜏𝜏y  and 𝜂𝜂p, 𝜏𝜏y  = 0 Pa and 𝜂𝜂p = 

0.0011 Pa・s for water, 𝜏𝜏y = 14.8 Pa and 𝜂𝜂p = 13.2 Pa・
s for CMC1%, measured in the sphere falling tests are 

also shown as the broken lines in Figs. 4 and 5. In all 

cases, the predicted Fd were estimated lower than the 

measured Fd.  

4. DISCUSSIONS  

 4.1. Underestimated predictions for Fd 

   In the Ansley’s model, laminar flow of the Bingham 

fluid and sphere traveling in the infinitive space are 

assumed. In the cases for traveling in the CMC1%, the 

Reynolds number for vOM = 0.0004~0.12 m/s, ReCMC1% 

= 0.01~1.38, was within the laminar flow regime, Re = 𝜌𝜌CM𝑣𝑣OM𝑑𝑑pipe𝜂𝜂p ≦2300.  

However, all the predicted Fd underestimated the 

measured Fd, especially in the case of dOM = 0.0750 m. 

So, it is inferred that underestimation of Fd is caused by 

the difference between the assumption of infinitive space 

for the Ansley’s model and the experimental condition 

of limited space in the vertical pipe. When a sphere is 

traveling in the fluid, deformed area is formed around the 

sphere as shown in Fig.6. Because of the interference 

between this deformed area and the pipe wall, unlike the 

Ansley’s model, the values of Fd tend to increase in the 

experiments. In this regard, the ratio between the 

Carrier 

Material, 

CM 

Diameter of 

OM, dOM [m] 

k = ΔFd/ΔvOM [Ns/m] Fd
* [N] 

up down Average up down Average 

Water 
0.0508 0.07 0.00 0.02 0.01 0.07 0.07 

0.0750 0.09 0.01 0.03 0.02 0.40 0.24 

CMC1% 
0.0508 9.03 0.28 0.47 0.39 9.95 9.49 

0.0750 32.58 0.97 1.07 1.02 33.11 32.85 

Table. 1. Drag force parameter, k and Fd
*. 

Fig. 6. Schematic diagrams to explain the deformed area around OM according to the size of OM. 

     (Left) in the fluid of low viscosity, (Right) the fluid of high viscosity. 

𝜏𝜏y𝜂𝜂p 𝜏𝜏y 𝜂𝜂p ・
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𝜌𝜌OM 𝜌𝜌CM⁄
𝜌𝜌OM 𝜌𝜌CM⁄
≦ 𝜌𝜌OM 𝜌𝜌CMC1%⁄ ≦

Δ𝐹𝐹d/Δ𝑣𝑣OM

𝜌𝜌OM 𝜌𝜌CM⁄𝜌𝜌OM 𝜌𝜌CM⁄𝜌𝜌OM 𝜌𝜌water⁄ ≦𝜌𝜌OM 𝜌𝜌CMC1%⁄ ≦季

   

 

 

diameter of the sphere and the pipe, dOM/dpipe, is expected 

to be significant, but only two ratios were tested in this 

research, dOM/dpipe = 0.50 and 0.33. Therefore, in the 

future, more experiments on the wider range of dOM/dpipe 

should be conducted. In the case of OM traveling in the 

water, although the Reynolds numbers for vOM = 0.0004, 

0.004 m/s, Rewater = 54.6, 545, were within the laminar 

flow regime, those values for vOM = 0.04, 0.12 m/s, 

Rewater = 5450, 16400, were within the turbulent flow 

regime, Re > 4000. Therefore, it can be reasoned that 

underestimation of Fd by the Ansley’s model was caused 

by assuming the laminar flow in the turbulent flow 

regime. 

4.2. Drag force parameters, k and Fd
* 

The drag force parameters k and Fd
* are defined as 

the rate of increase of Fd with velocity changes and Fd 

for vOM = 0, respectively. Those values can be obtained 

from the test results with Eq.4 and also can be estimated 

by the Asley’s model, Eq.3, with the material properties 

of CM, 𝜂𝜂p and 𝜏𝜏y, and the diameter of OM, dOM. Fig.7 

compares the relationships between the drag force 

parameters and dOM. For the cases of water, the 

differences of the values of Ansley’s model and the 

measured drag force parameters are difficult to identify 

since they are insignificant comparing with those for 

CMC1%. On the other hand, the difference between the 

values of the measurements and the Ansley’s model is 

clearly able to be identified for CMC1%. The values of 

the measured Fd
* for CMC1% agree well with the values 

of the Ansley’s model with the differences of less than 

30%. However, although the values of k for dOM = 0.0508 

m in CMC1% show the difference under 30% with the 

values of the Ansley’s model, those values for dOM = 

0.0750 m show about 3.2 times greater values of the 

Ansley’s model. Through these, it can be inferred that 

the pipe wall for larger ball, dOM = 0.0750 m, tends to 

affect the value of k. On the other hand, it can be 

reasoned that the values of Fd
* are not influenced by the 

pipe wall as the deformed area is not developed for vOM 

= 0.  

4.3. Ideal lifting conditions for water and CMC1% 

 Ore lifting velocity was predicted by Eqs.1 and 3, 
and ore lifting efficiency was defined as the ratio of the 

lifting velocity of OM to the flow velocity of CM, 

vOM/vCM. (Orita et al., 2021a, b). Regaring this, when Eq. 

4 is substituted instead of Eq.3 and proposed 

relationships are arranged according to the relative 

velocity conditions, vOM/vCM, the following equations are 

derived; 

Fig.8 shows the relationship between vOM/vCM and 𝜌𝜌OM 𝜌𝜌CM⁄ . 

Eq.5 shows the condition when vCM is greater than 

vOM. In this condition, the drag force will act in the same 

direction as the direction of ore traveling, and this 

condition is the most common when lifting ores. Eq.6 

shows the condition when vOM is greater than vCM, so it 

is considered to be the ideal lifting condition for ore 

lifting. However, in general, this condition is not realistic 

because ore is heavier than CM. However, the drag force 

will act in the opposite direction, so it cannot be the ideal 

condition for the ore lifting. Thus, the ideal condition for 

ore lifting can be proposed as vOM/vCM = 1. Therefore, 

the density ratio between ore and CM, 𝜌𝜌OM 𝜌𝜌CM⁄ , for 

this ideal condition can be proposed as the following 

equation. 1 < 𝜌𝜌OM𝜌𝜌CM ≤ 1 − 𝐹𝐹d∗𝐹𝐹B 
(7) 

0 < 𝑣𝑣OM𝑣𝑣CM < 1, 𝑣𝑣OM𝑣𝑣CM = 1 + 𝐹𝐹𝑑𝑑∗ + 𝐹𝐹𝐵𝐵 (1 − 𝜌𝜌OM𝜌𝜌CM)𝑘𝑘𝑣𝑣CM  
(5) 1 < 𝑣𝑣OM𝑣𝑣CM , 𝑣𝑣OM𝑣𝑣CM = 1 − 𝐹𝐹𝑑𝑑∗ − 𝐹𝐹𝐵𝐵 (1 − 𝜌𝜌OM𝜌𝜌CM)𝑘𝑘𝑣𝑣CM  
(6) 

Fig. 7. Relationship between the drag force parameter, k and Fd
*, and the diameter of OM, dOM.  

(Left) k-dOM relationship, (Right) Fd
*-dOM relationship 
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From Eq.7, it can be found that 𝜌𝜌OM 𝜌𝜌CM⁄  for the 

ideal ore lifting condition is determined by the ratio 

between Fd
* and the buoyance force, FB. From this figure, 

it is found that the range of 𝜌𝜌OM 𝜌𝜌CM⁄  for the ideal 

lifting condition of CMC1% is 1≦ 𝜌𝜌OM 𝜌𝜌CMC1%⁄ ≦
1.46~1.57 according to the diameter of the sphere. 

5. CONCLUSIONS 

Focus was placed on the carrier material circulation 

system as the promising method for lifting marine 

mineral deposits efficiently. A series of Sphere Pull-up 

and Down Tests, SPUDTs, were conducted to assess the 

lifting efficiency of CMs. In the SPUDTs, water and 

CMC1% were used as the CMs. As the result of 

measurements, the drag forces, Fd, are found to linearly 

increase with the velocity of sphere, vOM, so, the linear 

fittings for the measured results were compared with the 

predicted values derived using the Ansley’s model. The 

predicted values underestimated the measured drag 

forces in all cases. The reason for this discrepancy was 

inferred to be different conditions between the 

assumptions for the Ansley’s model, infinitive space and 

laminar flow of the Bingham fluid, and the influence of 

the pipe wall in the SPUDTs, limited space and turbulent 

flow in some velocity conditions. 

In addition, as the result of fitting, a linear equation 

that includes the drag force parameter k and the yield 

drag force, Fd
*, was proposed. Each parameter was 

defined as the rate of increase of Fd with vOM, k = Δ𝐹𝐹d/Δ𝑣𝑣OM, and Fd for vOM = 0. The values of measured 

Fd
* and the Fd

* value of the Ansley’s drag force model 

could be considered that the measured values agree well 

with the values of the Ansley’s model since there was a 

difference of less than 30% from each other. However, 

for the cases of k, although the values of k of dOM = 

0.0508 m agreed well with the value of the Ansley’s 

model by suggesting a difference of less than 30%, those 

for dOM = 0.0750 m showed enormous difference. This 

discrepancy was inferred that it is because the influence 

of the pipe wall is affected to k, and it was guessed that 

the values of k will be proportional to dOM squared when 

it is in the limited space, such as a vertical pipe.  

Finally, by calculating the ratio of the OM lifting 

velocity to CM flow velocity, vOM/vCM, the ore lifting 

efficiency was considered. Through this, the ideal 
condition for the ore lifting was proposed as vOM/vCM = 

1, and ranges of the density ratios between ore and CM, 𝜌𝜌OM 𝜌𝜌CM⁄ , for this were proposed. The ranges of 𝜌𝜌OM 𝜌𝜌CM⁄  for the ideal lifting condition were 𝜌𝜌OM 𝜌𝜌water⁄ = 1 for water, and 1 ≦𝜌𝜌OM 𝜌𝜌CMC1%⁄ ≦季
1.46~1.57 for CMC1%. 
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Fig. 8. Relationship between relative velocity ratio and relative 

density ratio. 𝜂𝜂p 𝜏𝜏y 𝜌𝜌OM 𝜌𝜌CM⁄

𝜌𝜌OM 𝜌𝜌CM⁄
1 < 𝜌𝜌OM𝜌𝜌CM ≤ 1 − 𝐹𝐹d∗𝐹𝐹B

0 < 𝑣𝑣OM𝑣𝑣CM < 1,𝑣𝑣OM𝑣𝑣CM = 1 + 𝐹𝐹𝑑𝑑∗ + 𝐹𝐹𝐵𝐵 (1 − 𝜌𝜌OM𝜌𝜌CM)𝑘𝑘𝑣𝑣CM1 < 𝑣𝑣OM𝑣𝑣CM ,𝑣𝑣OM𝑣𝑣CM = 1 − 𝐹𝐹𝑑𝑑∗ − 𝐹𝐹𝐵𝐵 (1 − 𝜌𝜌OM𝜌𝜌CM)𝑘𝑘𝑣𝑣CM
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