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Abstract: To further clarify the dewatering performance and torque evolution during the tailings thickening process, a self-made rake was con-
nected to a rheometer to monitor the shear stress and torque. The dewatering performance of the total tailings was greatly improved to a solid
mass fraction of 75.33% in 240 min. The dewatering process could be divided into three stages: the rapid torque growth period, damping torque
growth period, and constant torque thickening zone. The machine restart was found to have a significant effect on the rake torque; it could res-
ult in rake blockage. Furthermore, the simultaneous evolution of the torque and solid mass fraction of thickened tailings was analyzed. A rela-
tionship between the torque and the solid mass fraction was established, which followed a power function. Both the experimental and theoret-

ical results provide a reference for the deep cone thickener design and operation to enhance the dewatering performance.

Keywords: tailings; dewatering; rake; reconstructed rheometer; torque monitoring

1. Introduction

Owing to the development in paste technology, huge
amounts of total tailings can be dewatered, thickened into
paste slurry, and then transported to underground stopes or
surfaces for disposal [1—4]. With paste technology, the solid
waste (tailings) is well managed, and spent water is effect-
ively recovered [5-7], affording the advantages of safety,
eco-friendliness, cost-effectiveness, and efficiency [8—10].
Since total tailings are too fine to be dewatered and thickened
[11], the conventional gravity high-rate thickener and filter,
in addition to being costly, will result in a low solid mass
fraction of underflow. Compared with other thickeners, the
deep cone thickener (DCT) is the optimal choice for paste
technology [12].

To obtain appropriate underflow using the DCT, many re-
searchers have studied the influence of the flocculant and
rake using both experiments and simulations. The research
topic has transitioned from gravity sedimentation and static
thickening to flocculation sedimentation and dynamic thick-
ening [13]. Using a suitable flocculant type and dosage,
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which results in good coagulation and flocculation of total
tailings, is conducive to rapid sedimentation and dewatering
[4,14-16]. Moreover, the feedwell of the DCT is essential for
flocculation [17]. The structure of the feedwell is optimized
through computational fluid dynamics (CFD) simulation, and
then the feed solid mass fraction and rate, flocculant dosage,
and flocculant addition location can be optimized and de-
termined [18-20].

Furthermore, the rake, which transports the sediment from
the tank bottom to the underflow discharge orifice, is another
essential part of the DCT [21]. Through dynamic thickening
experiments and CFD simulation, several studies on the rake
have concentrated on its influence on the dewatering behavi-
or, the rake torque calculation, and the rake design. Wu et al.
[22] conducted a laboratory experiment to explore the effect
of the rake rod number and rake rod arrangement on the
dewatering behavior of copper mine tailings and proposed a
torque model for a complex-structure rake. Du et al. [23]
studied the impact of rake on the aggregate structure, prov-
ing the existence of “drainage channel” as a result of raking,
which contributes to the movement of water from the bottom
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to the top of the DCT. White ef al. [19] investigated the flow
patterns around the rake with CFD modeling. Huang et al.
[24] and Ruan et al. [25] simulated the influence of the rak-
ing speed and rake structure on the dewatering.

The rake torque is a key parameter in the DCT operation
and is mainly influenced by the yield stress of the suspension
[26-27]. In general, the underflow produced by the DCT has
a yield stress of over 100 Pa, which is much higher than those
of the underflow produced by the conventional high-rate
thickeners (20—30 Pa) and high-density thickeners (30—100
Pa) [12]. Kahane et al. [28] derived the torque variation law
of a thickener at Worsley Alumina Pty Ltd. with CFD model-
ing. Rudman et al. [29] investigated the influence of the yield
stress of the suspension, rake rotational speed, and rake struc-
ture on the rake torque, providing guidance for rake design.
Based on the DCT model dynamic settlement test and rhe-
ological parameters measurement, Li ef al. [30] analyzed the
rake blockage in a DCT. Wang ef al. [31] proposed a torque
mathematical model and predicted that the rake torque in-
creased with an increase in solid mass fraction and bed height
during the DCT operation. Tan et al. [32] derived a model of
rake torque to control the solid mass fraction. Although much
attention has been paid to the dynamic sedimentation consid-
ering the rake in DCTs, very few studies on rake torque mon-
itoring, which is essential for the DCT design and operation
in laboratory experiments, have been published.

The Chambishi Copper Mine (CCM) of NFC Africa Min-
ing Plc, located in the central of the Copperbelt province,
Zambia, Africa, has recently adopted the cemented paste
backfill (CPB) system. Since the accurate prediction of the
solid mass fraction of underflow is central to the CPB design,
in this study, a rheometer was modified with a self-made rake
and used to conduct laboratory experiments on the dynamic
dewatering of total tailings from the CCM and monitor the
rake torque. The results can provide guidance and reference
for the DCT design and operation. In this way, we have not
only overcome the lack of a dynamic dewatering experi-
mental installation but also proposed a new approach for
monitoring the shear stress and rake torque in the dewatering
process.

2. Experimental
2.1. Materials

The true density of total tailings from the CCM was

2.77 g/em’, and the corresponding bulk density was 1.46
g/em’®. The porosity was 47.29vol%. The true solid densities
of the tailings were determined using Eq. (1), based on the
specific gravity test results.
Ps = Gypy 1
where G; is the specific gravity of dry tailings, p; is the true
solid density of dry tailings, and p,, is the density of water at
20°C, which is 998.23 g/cm’. The specific gravity (G;) of the
tailings was calculated following our previous study [31].

The cumulative particle distribution of the tailings was as
follows: 36.39% were under 25 um, 46.66% were under 38
pm, 64.50% were under 74 um, and 17.08% were coarser
than 0.18 mm. The particle size distribution of the total tail-
ings samples was determined by artificial sieving methods, as
shown in Fig. 1.
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Fig. 1. Particle size distribution of total tailings.

The mineralogical analysis of the micronized tailings was
carried out using X-ray fluorescence, the result of which is
given in Table 1. The main chemical composition of the tail-
ings sample was SiO,, with a mass fraction of 47.82%.

Table 1. Chemical composition of the tailings wt%

Si0, ALO; CaO MgO K,0O NaO S P

Cu Co Pb Zn Fe

Loss on ignition ~ Total

47.82  9.71 115 8.89 451 0.2 035 0.06

0.1 0.03 002 0.02 194 9.38 94.53

As determined from the flocculant selection experiment,
Magnafloc 5250 from Badische Anilin-und-Soda-Fabrik
(BASF), a German chemical company, was a suitable floccu-
lant for the CCM tailings (rapid settling and a relatively low
dosage). The optimal flocculant dosage was 20 g/t. The mo-
lecular weight of the flocculant was 13 million.

2.2. Reconstructed rheometer

A self-made dynamic dewatering device was reconstruc-

ted. It was based on a Brookfield R/S Plus rheometer slow-
speed rotating motor (Fig. 2). The device has an adjustable
rotational speed (0.01—800 r/min) and can monitor paramet-
ers such as shear stress (0—2000 Pa), viscosity (0.001-80000
Pa-s), and torque (0.05—50 mN-m) during the mixing of tail-
ings slurry. The torque resolution and angular resolution are
0.01 mN'm and 0.8 mrad, respectively. The accuracy of the
device is 1% of the maximum torque value.

The primary aim of this study was to establish a protocol
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Fig. 2. Schematic of the operation of the rheometer-based dy-
namic thickening device.

to measure the solid mass fraction (i.e., dewatering perform-
ance) using a combination of experimental and theoretical
tools. To this end, one rotation rate was set to attain such
modeling prediction, although other rotation rates would lead
to models serving the same purpose. The rotational speed in
our experiments was selected considering the very low rake
rotation of the DCT in engineering practices. While a high
speed is prone to produce a larger torque value during the
measurement, the low-speed measurement cycle could cause
mud layer consolidation and a larger measurement torque
value, all of which may cause a sudden stop of the rake.
Therefore, an appropriate speed must be selected. We selec-
ted a low rotation speed of 5 r/min on the basis of the previ-
ous small-scale experimental study [33]. In this study, we
employed a self-made rake and connected it with the rheo-
meter. Since the shear stress and apparent viscosity tested by
the self-made rake were not accurate, the torque tested in this
study was used to predict the dewatering performance of tail-
ings. Generally, for the case when a vane rotor theometer is
used, the conversion formula between the shear stress and
torque is given as follows [30,34]:

S )

H 2
27R3 (— + —)
R 3

where H and R are the height and radius dimensions of the
paddle rotor, respectively; T and 7 are torque and shear stress,
respectively. The self-made rake is not paddle-shaped, so it is
difficult to obtain the regular integral area and thus the shear
stress from the measured torque value. Therefore, shear stress
and shear rate are also used in this study. The torque value is
accurate, while the shear stress value is the relative value that
can reflect the evolution rule of shear stress.

2.3. Testing method

2.3.1. Ultimate solid mass fraction determination
The device was used for the dynamic thickening experi-
ment. Before the experiment, the mass of the water per milli-
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metre of the measuring cylinder was calculated; in the con-
version, the rake needed to be placed in the measuring cylin-
der experiments given that the rake also occupied a certain
volume. When the mass of the water was 1833.9 g, the cor-
responding height was 212 mm, and when the mass of the
water was 1015.0 g, the corresponding height was 58 mm.
The mass of water corresponding to 1 mm height was calcu-
lated to be 5.3175 g.

In the process of industrial dewatering by the DCT, the
flocculant solution is continuously added to the feedwell to
mix with the tailings slurry, almost without rest time in the
metal mines. However, before the flocculant solution is
pumped into the feedwell, it should be stirred for 1 to 2 h, de-
pending on parameters, such as the molecular weight and
temperature. In this study, before the flocculant solution was
added to the cylinder, we stirred the flocculant solution using
a jar tester at 200 r/min for 15 min and then at 125 r/min for
75 min. In addition, the flocculant solution was left for 1 d for
maturation before use [35].

First, 1400 g of water was added to the measuring cylin-
der, and 16 g of a flocculant solution with a solid mass frac-
tion of 0.1% was further added, and then the flocculant solu-
tion was stirred for 3 min. Then, 800 g of tailings was added.
By recording the height of the mud layer at different times,
one can calculate the corresponding solid mass fraction us-
ing the following formula:

my
Cv= (my +my) — (Hy — Hy) X 5.3175 )
where C,, is the solid mass fraction; m, and m, are the mass of
tailings and water, respectively; H, represents the scale cor-
responding to the clear water, and H, represents the scale cor-
responding to the mud layer interface.
2.3.2. Shear stress and torque monitoring

The experiment was conducted using 600 g of tailings,
1400 g of water, and 12 g of 0.1% flocculant solution. In the
previous experiment, the ratio of the final mud layer height to
cylinder diameter was obtained as 0.83:1, which is similar to
the ratio of mud layer height to diameter of the existing DCTs
in other similar mines. The two parameters of shear stress and
torque were monitored from the feeding. According to the
actual operation of the DCT, the shear stress and torque evol-
ution were investigated under the following three aspects: (1)
the effect of the feeding process on the shear stress and torque
evolution; (2) the effect of the thickening time on the shear
stress and torque evolution; (3) the effect of machine restart
on the shear stress and torque evolution.

3. Results and discussion

3.1. Evolution of solid mass fraction of tailings suspen-
sion at various thickening times

According to Eq. (3), the solid mass fraction correspond-
ing to different thickening times were calculated, as shown in



Y. Wang et al., Reconstructed rheometer for direct monitoring of dewatering performance and torque in ... 1433

Fig. 3. It can be seen that the solid mass fraction increased
rapidly at the beginning (60 min) and then remained stable at
around 75% (>60 min); the limit dewatering solid solid mass
fraction of the total tailings from the CCM was 75.33%.
When the rake rotation speed was 0 r/min, the limit solid
mass fraction could reach 66.29% after 48 h sedimentation
when the same consumption flocculant was added. The aver-
age solid mass fraction of the slurry obtained by the dynamic
experimental device was approximately 13.64% higher than
that of the static sedimentation within the same measuring
cylinder. Moreover, the evolution of solid mass fraction ob-
tained by the reconstructed rheometer in this study is similar
to those of our previous studies [36—38], which indicates that
the reconstructed rheometer can be used to study the dewa-
tering performance of thickened tailings. The solid mass
fraction obtained by dynamic sedimentation was closer to the
DCT underflow, and the solid mass fraction obtained by stat-
ic sedimentation was closer to the solid mass fraction of un-
derflow of the vertical sand tank without the rake.
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Fig. 3. Evolution of the solid mass fraction at different
rotation speeds.

3.2. Evolution of shear stress and torque during the
dynamic dewatering

Since the dynamic thickening device can monitor the
shear stress and torque, which are two very important para-
meters during the thickening process, the shear stress and
torque evolution was studied to provide a reference for the
DCT operation and manipulation.

3.2.1. Effect of feeding process on shear stress and torque
evolution

First, the flocculant was added while the solution was con-
stantly being stirred. The tailings were added after 2 min of
stirring. During the tailings addition (named as the feeding
process, about 4 min), the shear stress and torque continu-
ously increased. At the end of the feeding, the shear stress
was 130 Pa and the torque was around 4 mN-m, which were
respectively 1/6.3 and 1/6 of the shear stress and torque at
smooth operation. The shear stress and torque changes dur-

ing the feeding process are illustrated in Fig. 4. Thus, it can
be inferred that in the DCT, the torque also significantly in-
creased during the initial feeding process.

200 5
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£ E
%
5100 - Z
= ]
5] 2g
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50 - —=— Shear stress

—a— Torque 1

0 Jhh, 1 1 1 1 0

0 2 4 6 8 10
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Fig. 4. Effect of feeding process (about 4 min) on the shear

stress and torque of rake.

3.2.2. Effect of thickening time on shear stress and torque
evolution

Under the action of the rake and gravity, the tailings con-
tinued to settle, and the pore water continued to rise along the
water guiding channel opened by the rake. Owing to the con-
tinuous dehydration, the tailings slurry density kept growing.
Therefore, the shear stress and torque increased continuously
during the thickening process. The relationships between the
shear stress and torque of 250 min in the thickening process
are illustrated in Fig. 5. When the thickening time was in-
creased to 120 min, the increase rates of the shear stress and
torque were small and gradually became constant. This is be-
cause the concentrated tailings could not be dehydrated fur-
ther at a certain dense porosity, so that the solid mass fraction
of the tailings tended to be constant. However, during the first
120 min of dehydration, the solid mass fraction of the slurry
in the container gradually increased (Fig. 3), which is the
main cause of the increase in shear stress or torque. After 120
min, the rake shear stress or torque remained at a constant
value. At the constant rake speed of 5 r/min, the apparent vis-
cosity could be assumed to be constant (with the progression
of the dehydration time, the slurry apparent viscosity basic-
ally remained unchanged, almost maintaining a finite value).
Moreover, considering the viscosity bifurcation effect of
flocculating tailings particles [39—40], the slurry in the equip-
ment was in the low-speed flow area, rather than in the mi-
crostructure development region of the aging area (i.e., the
increased viscosity area). Therefore, the increase in the rake
shear stress or torque within the first 120 min of tailings
slurry in the equipment was mainly due to the increase in the
slurry solid mass fraction caused by dehydration. For the next
130 min, the solid mass fraction of the slurry was constant,
probably due to the ceased dehydration effect; meanwhile,
the rake shear stress and torque under a low rotation speed
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also basically remained unchanged. In this case, the aging ef-
fect caused by the microstructure development in the slurry
was not significant at a low rotation speed. Therefore, when
the tailings descended to a certain extent, the shear stress and
torque were largely constant.
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Fig. 5. Evolution law of shear stress and torque of rake in

dense process.

The thickening process of the tailings can be divided into
three stages according to the changes in shear stress and
torque during the tailings thickening process: The first is the
period of rapid torque growth, corresponding to the thicken-
ing time of 0—60 min; here, the shear stress and torque rap-
idly increased to 571 Pa and 17 mN-m, respectively. The
second is the period of damping torque growth, correspond-
ing to the thickening time of 60—120 min; here, the shear
stress increased from 571 to 776 Pa, which is 1.36 times that
of 60 min, and the torque increased from 17 to 23 mN-m,
which is 1.35 times that of 60 min. The shear stress and
torque still increased in this process, but the growth rates re-
duced significantly. The third is the dense period of constant
torque, corresponding to the thickening time of >120 min;
here, the shear stress and torque tended to be constant. For
example, when the thickening time was 240 min, the shear
stress and torque were 832 Pa and 24 mN-m, respectively,
which were almost equal to the values at 120 min.

3.2.3. Effect of machine restart on shear stress and torque
evolution

The DCT may suddenly stop running and then restart ow-
ing to unpredictable factors such as sudden equipment fail-
ure or power failure during production. Thus, the effect of
shutdown and restart were considered. The shear stress and
torque changes were studied in three cases of shutdown: a
first shutdown for 5 min; a second shutdown for 30 min, and
a third shutdown with immediate restart.

(1) Shutdown for 5 min.

After the thickening time exceeded 250 min, the thicken-
ing device was stopped, and after 5 min, it was restarted. The
shear stress and torque variation are shown in Fig. 6. The ini-
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tial shear stress and torque were 1000 Pa and 29 mN'm, re-
spectively, which were 1.20 and 1.21 times those of the
smooth operation before shutdown (at 240 min). After 2 min
of restart, the shear stress and torque substantially returned to
the value before the shutdown.
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Fig. 6. Variation of shear stress and torque for the case of

restart after 5 min shutdown.

(2) Shutdown for 30 min.

The thickening device was stopped again and then restar-
ted after 30 min. Fig. 7 illustrates the variation of the shear
stress and torque. The initial shear stress and torque were
1444 Pa and 42 mN-m, respectively, which were 1.74 and
1.75 times those of smooth operation before shutdown. The
same as shutdown for 5 min, the shear stress and torque also
substantially returned to the normal operating value after 2
min of restart.
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Fig. 7. Variation of shear stress and torque for the case of

restart after 30 min shutdown.

(3) Immediate restart after shutdown.

The DCT was stopped a third time and restarted quickly
(shutdown for 1 min). The shear stress was as high as 1865
Pa and the torque was 55 mN-m, which were 2.4 and 2.3
times the normal operating value. After one set of data was
read, the rake stopped rotating. Two attempts to restart the
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DCT were unsuccessful. As a result, the so-called rake
blockage accident of the DCT had occurred. Therefore, when
the DCT shuts down after a power failure, it is necessary to
discharge the tailings in the deep cone as quickly as possible
or restore the power supply as soon as possible to prevent the
rake blockage accident.

3.3. Simultaneous evolution of solid mass fraction and
torque at various thickening times

For tailings dewatering, the thickened solid mass fraction
is one of the most important parameters. A high solid mass
fraction of thickened tailings is desired for the tailings dis-
posal (because of advantages such as high water recovery, re-
duced waste volume, and less heavy metal pollution). There-
fore, the simultaneous evolution of the solid mass fraction
and torque at various thickening times was studied, and the
results are shown in Fig. 8.
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Fig. 8. Simultaneous evolution of solid mass fraction and

torque at various thickening times.

With an increase in the solid mass fraction, the rake torque
rose, rapidly at first and then gently (Fig. 8). Finally, when
the solid mass fraction was constant, the torque was also al-
most unchanged. Furthermore, the relationship between the
solid mass fraction and the torque is illustrated in Fig. 9, and
the regression equation is given as follows:

y =23710x" 4)

where y represents torque, mN'm; and x represents solid
mass fraction. The multiple correlation coefficient R* is
0.9468, which indicates a good correlation between the
torque and solid mass fraction of thickened tailings. It should
be noted that this relationship between the torque and the sol-
id mass fraction is under a particular condition in this study
(in terms of tailings, water, and experimental set). Since the
rheology and torque depend on many parameters, such as
particle size, solid solid mass fraction, process water quality,
and pH, more experimental factors need to be considered to
improve the torque model that applies to different systems.
The relationship can be considered as a power function.

This power function between the torque and the solid mass
fraction is comparable to the rake torque model or yield stress
and solid mass fraction relationship proposed in other studies
[32,41-43]. Therefore, the evolutionary trend of torque in
Fig. 9 is reasonable, due to the linear relationship between
torque and yield/shear stress.
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Fig. 9. Relationship between the solid mass fraction and

torque and the regression equation.

3.4. Implication for the DCT operation and design

The correlation between the torque and the solid mass
fraction offers certain insights for the DCT design and opera-
tion:

First, the DCT torque gradually increased during feeding.
The torque at the end of the feeding was 1/6 of the torque
during smooth operation; this implies that in the early stage
of the DCT feeding, there is no need to worry about the rake
blockage phenomenon.

Second, in the stage of continuous thickening, the rake
torque increased rapidly because of the increase in the solid
mass fraction of underflow. During this process, the DCT
was fed continuously without underflow discharging.

Third, when the machine was restarted after 5 min shut-
down, the rake torque was 1.21 times that under normal
smooth running; when the machine was shut down again and
restarted after 30 min, the rake torque rose to 1.75 times that
under the normal operation. Upon a quick restart after a third
shutdown, the torque was 2.3 times that under smooth run-
ning, and after a set of data was read, the rake stopped rotat-
ing, and a rake blockage occurred. It can be seen that the
longer the cumulative downtime, the greater the torque re-
quired for the restart. However, as the thickening time and
solid mass fraction reached a high level, the rake blockage
occurred and the device could not be restarted after the third
sudden stop. Therefore, it is recommended that the mud level
of the DCT be kept low by stopping the tailings feeding when
the underground goaf is not being filled, to avoid restarting or
rake blockage because of sudden power failures. In addition,
when a power failure occurs, power should be quickly re-
stored to enable the DCT restart early enough, or the internal
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slurry in the DCT should be emptied in time to prevent the
hardening of the tailings slurry, which will make the DCT fail
to restart.

Furthermore, the 30-min restart torque value of this exper-
iment was 1.75 times the torque value under smooth running.
Therefore, measures such as underflow flow adjustment,
mud height adjustment, and high and low circulation are re-
quired to reduce the torque value within the safe range. In the
DCT design process, the torque in the tailings thickening pro-
cess can be measured according to the experimental method
presented in this article. Then, the actual DCT torque is sim-
ilarly estimated, considering the relevant transmission con-
version and the safety factor.

4. Conclusions

This study aimed to further clarify the tailings dewatering
performance and torque evolution by monitoring the shear
stress and torque using a rheometer with a self-made rake.
Also, guidance for the DCT operation and design is provided.
The main conclusions derived from this study are summar-
ized as follows.

(1) The results of dynamic dewatering tests indicate that
the dewatering performance of the total tailings was greatly
improved to a solid mass fraction of 75.33% in 4 h, which
was 13.64% higher than the limit solid mass fraction of static
sedimentation (66.29%).

(2) The tailings thickening process could be divided into
three stages: the rapid torque growth period (0—60 min),
damping torque growth period (60—120 min), and constant
torque thickening zone (after 120 min).

(3) The restart torque after a 5 min shutdown was 1.21
times that under the smooth running before the shutdown; the
restart torque after a 30 min shutdown was 1.75 times that
under the smooth running; In both the cases of the 5 min
shutdown and the subsequent 30 min shutdown, the torque
returned to the normal operation value within 2 min;
however, when the machine was stopped a third time and re-
started quickly (shutdown for 1 min), the rake did not rotate;
therefore, the rake blockage phenomenon occurred.

(4) The simultaneous evolution of solid mass fraction and
torque at various thickening times was studied. With an in-
crease in the solid mass fraction, the rake torque rose rapidly
at first and then gently. The relationship between the solid
mass fraction and torque followed a power function, which
indicates that the solid mass fraction of thickened tailings can
be predicted by the torque evolution.
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