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Falling head flow test to study pipe flow and viscous characteristics of carrier materials used 
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lifting from deep seafloor
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Falling head flow test to study pipe flow and viscous characteristics of carrier materials 

used for ore lifting from deep seafloor
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ABSTRACT: To transport ores from deep seafloor, carrier material (CM) circulation system was expected as one of 

the promising technologies. Since the viscous characteristics of CMs are important to evaluate pumpability and lifting 

efficiency, a novel method of falling head flow test was proposed as physical modelling of the viscous flow in a circular 

pipe. A series of trial tests are conducted using pipes of different diameters and lengths. The test results show that the 

relationships between shear stresses and shear rates of bentonite suspension with sand particles, one of the typical CMs, 

were measured and regarded as those of Bingham plastic fluids. Moreover, its Bingham parameters are independent 

of the lengths of the pipe.
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1 INTRODUCTION

Deep-sea mineral resources such as polymetallic 

massive sulphides and manganese nodules exist on the 

seafloor around Japan. Figure 1 shows the idea of carrier 

material (CM) circulation system considered as one of 

the efficient and environmentally friendly lifting 

technologies (Tani et al., 2018). The CM is a mixture of 

viscous fluid and fine particles. Orita et al. (2021) 

showed that mixtures of bentonite suspension and sand 

particles were promising CMs for high performance in 

lifting heavy and coarse ores.

Fig. 1. Concept of carrier material circulation system.

To evaluate pumpability and lifting efficiency,

accurate measurements of the viscous characteristics 

(i.e., the relationship between the shear stress, 𝜏𝜏, and the 

shear rate, 𝛾̇𝛾 ) of CMs are important. They were 

measured with a Brookfield viscometer (Orita et al., 

2021), called as a viscometer type B (v.t.B). However, 

with this rotational viscometer, only the approximate 

relationships between the shear stresses and the shear 

rates can be obtained; thus, accurate viscous 

characteristics cannot be measured. In addition, it is 

difficult to measure such samples as containing solid 

particles with rotational viscometers. On the other hand, 

U-tube viscometers are more suitable for CMs than

rotational viscometers from the perspective of physical

modelling. It is because the mechanism of U-tube

viscometers is far better than that of rotational

viscometers for the pipe flow in the CM circulation

system.

A method of J-shaped flow test was proposed as one 

of the U-tube viscometers to evaluate the rheological 

characteristics of high-fluidity concrete (Yamamoto et 

al., 1996). This test method seems to be suitable for 

measuring viscous characteristics of CMs, because it 

represents the laminar flow in a pipe and allows the 

samples with fine and coarse particles. However, the 

constitutive equation of fluids assumed for analyzing the 

measured results is that of Newtonian fluid which is 

incompatible for non-Newtonian fluids such as bentonite 

clay suspensions, mortar, or fresh concrete.

In this study, a new U-tube viscometer, falling head 

flow test (FHFT), was proposed to measure the viscous 

characteristics of non-Newtonian fluids that can be 

modeled as Bingham plastic fluids.
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2 METHOD OF FALLING HEAD FLOW TEST

2.1 Principle of falling head flow test

Figure 2 shows the principle of falling head flow test 

(FHFT). In this test method, the viscous characteristics 

of Bingham plastic fluid are obtained by monitoring the 

laminar flow under the gravity in the tube composed of 

vertical and horizontal sections. The change in the 

elevation head difference between the upstream and the 

downstream ends, h, is measured from t = 0 & h = h0 at 

the start of the test until the flow stops at t = ∞ & h = 

h*. Figure 2 also shows the velocity profile of laminar 

flow of a Bingham plastic fluid in the pipe, which is 

represented by the Buckingham-Reiner equation. The 

plug flow region exists around the central axis, r < r0, 

where the velocity of fluid is uniform. 

Equation (1) shows the equilibrium condition in the 

pipe. Equation (2) shows the constitutive fluid 

relationship between the shear stress and the shear rate 

of a Bingham plastic fluid at the pipe wall, r = R. Where,𝜂𝜂p is the plastic viscosity and 𝜏𝜏y is the yield stress.

Equation (3) shows the volumetric flow rate of a 

Bingham plastic fluid Q when u(R) = 0 (Steff, 1992).

Moreover, the radius of the plug flow, r0, is given by the 

Equation (4). 𝜋𝜋𝑅𝑅2d𝑝𝑝 = 2𝜋𝜋𝑅𝑅𝜋𝜋𝜏𝜏(𝑅𝑅) (1)𝜏𝜏(𝑅𝑅) = 𝜂𝜂p𝛾̇𝛾(𝑅𝑅) + 𝜏𝜏𝑦𝑦 (2)𝑄𝑄 = ∫ 𝑢𝑢d𝑢𝑢 = 𝜋𝜋𝑅𝑅4d𝑝𝑝8𝜋𝜋𝜂𝜂𝑝𝑝 {1 − 4𝑟𝑟03𝑅𝑅 + 13 (𝑟𝑟0𝑅𝑅)4} (3)𝑟𝑟0𝑅𝑅 = ( ℎ∗𝐿𝐿 + ℎ∗) (𝐿𝐿 + ℎℎ ) (4)
As the elevation head difference between the 

upstream and downstream ends, h, is the head loss in this 

test, the difference in pressure on both ends is ∆𝑝𝑝 =𝜌𝜌𝜌𝜌ℎ. Considering that h = h* and 𝛾̇𝛾 = 0 at t = ∞, 𝜏𝜏y is

assumed as the shear stress 𝜏𝜏(𝑅𝑅)∗ = ρgR(h*/(h*+L))/2.

From the above, the shear stresses 𝜏𝜏(𝑅𝑅)  and the 

shear rates 𝛾̇𝛾(𝑅𝑅)  at the pipe wall are derived as 

Equation (5) and (6), respectively.

𝜏𝜏(𝑅𝑅) = 𝜌𝜌𝜌𝜌𝑅𝑅2 ( ℎ𝐿𝐿 + ℎ) (5)
𝛾̇𝛾(𝑅𝑅) = − 4𝑅𝑅 (dℎd𝑡𝑡) 1 − 𝑟𝑟0𝑅𝑅1 − 4𝑟𝑟03𝑅𝑅 + 13 (𝑟𝑟0𝑅𝑅)4 (6)

Fig. 2. Principle of falling head flow test and laminar flow of a 

Bingham plastic fluid in a circular pipe.

Fig. 3. Experiment apparatus of falling head flow test.

2.2 Experimental apparatus

As shown in Figure 3, two sets of apparatus with 

different dimensions were developed for falling head 

flow test (FHFT); the internal diameters of the pipes 

were d = 40.7 mm and 100 mm, respectively. Each set of 

apparatus is composed of straight PVC or acrylic pipes 

for vertical and horizontal sections and two PVC elbows 

on both ends of the horizontal section.

2.3 Test case

The mixing proportion of carrier materials (CMs) 

was C/W = 9.16 % and S/W = 46.78 %. C/W is the ratio 

of the mass of bentonite (Kunigel-GS, Kunimine 

Industries Co., Ltd) to that of water. S/W is the ratio of 

the mass of sand particles (silica sand No.6, coefficient 

of uniformity 𝑈𝑈c = 2.19, 50 % grain size 𝐷𝐷50 = 0.32 mm) 

to that of water. The densities of CMs were ρCM =

1.264~1.282 Mg/m3. The temperatures of the CMs at 

each test were T = 9.5~17.3 °C. The curing times of CMs 

were 3~48 days, and they were stirred with a ladle before 

filled in the pipe. The changes of the head were recorded 

by the video camera.

Table 1 shows the conditions of the test cases; the 

diameter of the pipe, d, the initial head difference, h0, and the 

length of horizontal section, L. Case 1 to 5 were the
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𝜏𝜏(𝑅𝑅) 𝛾̇𝛾(𝑅𝑅)

𝜏𝜏(𝑅𝑅) 𝛾̇𝛾(𝑅𝑅)

𝜏𝜏(𝑅𝑅) 𝛾̇𝛾(𝑅𝑅)𝜂𝜂p𝜏𝜏y𝜂𝜂p 𝜏𝜏y
𝜂𝜂p 𝜏𝜏y

𝜏𝜏(𝑅𝑅) 𝛾̇𝛾(𝑅𝑅)
0 ≤ 𝛾̇𝛾(𝑅𝑅) < 2.5 𝛾̇𝛾(𝑅𝑅)

𝜂𝜂p 𝜏𝜏y 𝜏𝜏(𝑅𝑅) 𝛾̇𝛾(𝑅𝑅)
𝜂𝜂p 𝜏𝜏y

𝜏𝜏(𝑅𝑅) 𝛾̇𝛾(𝑅𝑅)

9−16 

● 

▽ □

Table 1. Test cases.

reference tests conducted to investigate the reproducibility of 

this test method. Case 6 to 8 were conducted to investigate 

the influence of h0 and L. Case 9 and 10 were conducted to 

investigate the sensitivity on d.

3 RESULTS AND DISCUSSIONS

3.1 Viscous characteristics of carrier materials

Figure 4 shows the measured relations of the head 

difference h-t, the average flow velocity uave(=dh/dt)-t and 

the acceleration a(=d2h/dt2)-t by the falling head flow tests 

(FHFTs) in Case 4. In the beginning of the test, the flow in 

the pipe accelerates during the range from Point a to Point b, 

and reaches Point b with the fastest flow rate. Then, the flow 

decelerates from Point b to Points c and d. Point c is defined 

for the minimum acceleration, through this point is not clean 

in the measured data. From Point a to Point c, rapid change 

of velocity is observed, thereby, the flow does not satisfy the 

quasi-static equilibrium condition. The 𝜏𝜏(𝑅𝑅) - 𝛾̇𝛾(𝑅𝑅) 

relations obtained in this range should be eliminated because 

Equation (1) does not hold if the value of acceleration is 

largely deviates from zero. Thus, the valid range of the 

measured results by FHFTs is defined as after the 

deceleration of the head difference reaches the maximum 

value from Point c to Point d. For example, the data obtained 

after t=10 [s] are valid in Case 4.

Figure 5 shows the measured relationships between 

the shear stress, 𝜏𝜏(𝑅𝑅), and the shear rate, 𝛾̇𝛾(𝑅𝑅), in Case 

1 to 5. For comparison, the relationships between the 

shear stress, 𝜏𝜏B, and the approximate shear rate, 𝛾̇𝛾a,B, of

the same CMs measured by a viscometer type B (v.t.B) 

are also shown (Kosho et al., 2021; Umeda et al., 2022). 

The reproducibility of the measurement for FHFTs is 

high because the results of all, Case 1 to 5, are almost the 

same. 

These relationships are typically bilinear; the values 

of 𝜏𝜏(𝑅𝑅) increase linearly from 30 [Pa] to 90 [Pa] in the 

range of 0 ≤ 𝛾̇𝛾(𝑅𝑅) < 1.5  [1/s], and become constant, 

90-95 [Pa], when 𝛾̇𝛾(𝑅𝑅) > 1.5  [1/s]. However, as

explained above, the results obtained immediately after

Fig. 4. h-t, uave-t, and a-t relations

Left: Measured result from Case 4, Right: Conceptual trends.

Fig. 5. Measured relationships between shear stress 𝜏𝜏(𝑅𝑅)  and 

shear rate 𝛾̇𝛾(𝑅𝑅) for the reference cases, Case1-5.

the beginning of the test, corresponding the range 𝛾̇𝛾(𝑅𝑅) > 1.5  [1/s], cannot be regarded as representing 

the viscous characteristics of the sample. The 𝜏𝜏B -𝛾̇𝛾a,B
relation obtained by v.t.B is only an approximate 

relationship, thereby does not necessarily agree with the 

results of FHFTs. However, 𝜏𝜏B  tend to increase with𝛾̇𝛾a,B  monotonically even for the greater shear rates,𝛾̇𝛾a,B ≫1.5 [1/s]. Therefore, it is confirmed that the results

obtained immediately after the start of FHFTs are 

unreliable because the shear rates change too quickly.

Figure 6 shows the analyzed 𝜏𝜏(𝑅𝑅) -𝛾̇𝛾(𝑅𝑅)  relations, 

when the data 𝛾̇𝛾(𝑅𝑅) > 1.5 [1/s] are removed. They are 

regarded as linear for 0 ≤ 𝛾̇𝛾(𝑅𝑅) < 2.0[1/s].

Case d[mm] h0[m] L[m]

1

40.7

0.913 0.283

2 0.890 0.283

3 0.923 0.283

4 0.934 0.283

5 0.930 0.283

6 1.835 0.283

7 0.860 2.186

8 0.578 0.201

9
100

0.910 2.084

10 0.745 2.084
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d
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c

Case 1~5, FHFT

d=40.7 mm, 

h0=0.890~0.934 m

L=0.283 m

■v. t. B(Kosho et al., 2021)

■v. t. B(Umeda et al., 2022)
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Fig. 6. Analyzed 𝜏𝜏(𝑅𝑅)-𝛾̇𝛾(𝑅𝑅) relations and linear regression lines 

for the reference cases, Case 1-5.

Fig. 7. Influence of h0, L, and d on the 𝜏𝜏(𝑅𝑅)-𝛾̇𝛾(𝑅𝑅) relations.

Fig. 8. Influence of h0, L, and d on the Bingham parameters.

Therefore, the viscous characteristics of this CM 

(C/W=9.16% and S/W=46.78%) can be modelled as a 

Bingham plastic fluid implying that as Equation (2) 

holds good.

The slope of the linear regression line of 𝜏𝜏(𝑅𝑅)-𝛾̇𝛾(𝑅𝑅)
relationship is the plastic viscosity, 𝜂𝜂p, and the intercept

is the yield stress, 𝜏𝜏y. The coefficients of variation of𝜂𝜂p and 𝜏𝜏y for Case 1 to 5 were 0.18, and 0.05,

respectively. These values are comparable to the 

viscosity measurements in terms of variability and data 

scattering. For example, the coefficients of variation of 𝜂𝜂p and 𝜏𝜏y of concrete measured by a coaxial cylinder

viscometer were 0.05 to 0.13 and 0.10 to 0.21, 

respectively (Murata & Kikukawa, 1979). 

3.2 Influence of the size of apparatus on Bingham 

parameters

Figure 7 compares the 𝜏𝜏(𝑅𝑅) - 𝛾̇𝛾(𝑅𝑅) relationships

obtained using the test apparatus with different h0, L, and 

d from those for Case 1-5. All measured results were 

plotted in 0 ≤ 𝛾̇𝛾(𝑅𝑅) < 2.5 [1/s]. From the results 

obtained for d = 40.7 mm, the measuring range of 𝛾̇𝛾(𝑅𝑅)
became wider when L was short and h0 was long. Figure 

8 shows the influence of the size of apparatus on 

Bingham parameters (𝜂𝜂p and 𝜏𝜏y ) obtained from the

linear regression lines of the measured 𝜏𝜏(𝑅𝑅) - 𝛾̇𝛾(𝑅𝑅)
relationships. For d = 40.7 mm, there is no clear trend 

between the Bingham parameters and each of h0 and L.

Therefore, the measured Bingham parameters would be 

independent of the lengths of the pipe. For d = 100 mm, 

the 𝜂𝜂p values are higher and the 𝜏𝜏y values are smaller

than those for d = 40.7 mm. Further tests with different 

pipe diameters are needed.

4 CONCLUSIONS

Falling head flow test (FHFT) was proposed to 

measure the viscous characteristics of Bingham plastic 

fluids. The obtained data demonstrated that FHFT can 

measure the 𝜏𝜏(𝑅𝑅) - 𝛾̇𝛾(𝑅𝑅)  relations of viscous fluids 

including sand particles. In addition, viscous 

characteristics of bentonite suspensions containing sand 

particles can be modelled as a Bingham plastic fluid. 

Moreover, the influence of the lengths of the pipe on 

Bingham parameters is not significant.
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d=40.7 mm,

h0=0.89~0.93 m,
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● d=40.7 mm,

h0=0.578 m,

L=0.201 m

d=100 mm,

*h0=0.910 m, ▽h0=0.745 m,

L=2.084 m
□d=40.7mm,

h0=1.835m, L=0.283m
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d=40.7 mm,

L=0.201 m
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