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Abstract: The particle classification in the enhanced gravity field generated by the Knelson con-
centrator was studied in this paper. Three main test parameters, namely rotation speed, backwash
water pressure, and solid mass percentage, that affected the classification performance of the Knelson
concentrator for the classification tests of quartz and synthetic ore, which consisted of quartz and
magnetite, were investigated. The yield of quartz concentrate increased with the rotation speed and
decreased with the solid mass percentage and backwash water pressure. A lower backwash water
pressure and solid mass percentage could improve the classification efficiency. The classification
performance of the Knelson concentrator was comparable to that of the traditional hydrocyclone,
with a classification efficiency of 76.84% and cut size of 49 um when the solid mass percentage
was 16.67%, the backwash water pressure was 50 kPa, and the rotation speed was 3600 rpm. The
classification performance of quartz in synthetic ore tests was inferior to the single quartz tests, and
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particles; meanwhile classification and separation are concomitant and inseparable [14].
However, classification and gravity separation are separate unit operation processes in
mineral processing plants. In the classification process, particle size is the focus of the
separation, while in the gravity separation process, minerals are separated mainly based
on the density difference. Enhanced gravity separation (EGS) is an effective technique for
treating fine-grained minerals (—0.5 mm) with lower capital, low costs, and larger treating
capacity [15-17]. The Knelson concentrator (KC), as a representative gravity separator, was
developed in 1978 and commercialized in the early 1980s and has now been improved over
four generations [18,19]. It was widely used in precious metal recovery, including gold ore,
copper ore, tin ore, etc. [20-22].

In most research, KCs were used to concentrate gold ores [23,24], synthetic ore [25,26],
coal [27], nonmetallic minerals [28], jewelry wastes [29], etc. Xiao et al. modeled and
predicted the gold recovery of a —800 pm gold deposit by using the Gravity Recoverable
Gold (GRG) test [30]. Ghaffari et al. investigated the separation performance of the KC for
—600 pm synthetic ore (quartz, magnetite, ferromolybdenum, copper, zinc, and lead) [31].
Ozgen et al. used the KC to separate coal-washing-plant tailings of —500 um and achieved
a maximum combustible recovery of 81.61% [27]. Chen et al. studied the distribution of a
quartz sample with a particle size range of —650 + 550 um, —380 + 270 um, —250 + 212 um,
and —180 + 150 um in different rings in the bowl [32]. Burat et al. used the KC to separate
jewelry wastes, which were crushed to —150 um and recovered up to 92% of Au and
Ag [29]. These findings suggested that mineral particle sizes were considered, indicating
that mineral particle sizes were crucial to the gravity separation process. However, the
classification closely related to mineral particle sizes had received little attention.

Different from traditional studies using the KC to investigate the mineral separation
process [29,30], this work focuses on the classification of particles in the enhanced gravity
field, that is, the classification performance of the laboratory KC by treating the natural
minerals of quartz and synthetic ore composed of magnetite and quartz. The test param-
eters were the rotation speed, backwash water pressure, and solid mass percentage. The
sharpness index, imperfection, and classification efficiency were used to evaluate the classi-
fication performance of KC, and its performance with hydrocyclones was also compared.
Revealing the classification performance of the KC is beneficial for clarifying the migration
rule of fine particles in the enhanced gravity field and optimizing the separation effect and
classification effect of the KC from the perspective of particle size.

2. Materials and Methods
2.1. Materials and Classification Apparatus

The classification test rig used in this investigation was the Knelson MD—3. The
inverted and multi-hole KC bowl was mounted on a rotating shaft. As shown in Figure 1,
there are five rings from the bottom to the top, with increasing diameters inside the bowl,
and each ring has a number of 1 mm diameter tangentially oriented holes evenly spaced.
The KC depends on an enhanced gravitational force, along with a fluidization process
to recover fine particles. First, the backwash water is injected from the oriented holes
in each ring. Then, the slurry is introduced into the rotational bowl from a feed pipe.
Mineral particles of different densities are fluidized under the effect of backwash water and
enhanced gravitational force, and, eventually, the denser particles settle in the ring, and the
less dense mineral particles are flushed out to become tailings.
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Figure 1. The scheme for the rotational bowl.

Single mineral particles such as quartz and magnetite are often used as raw materials
for mineral separation experiments [11,26,27,31]. In this study, quartz powder (Xinyi silica
Co., Ltd., Xinyi, China) and synthetic ore consisting of quartz and magnetite powder
(Jinling iron ore mine, Zibo, China) with a mass ratio of 1:1 were used to mimic natural
minerals with the same densities. The XRD pattern images in Figures 2 and 3 show that the
samples used for tests were predominantly quartz and magnetite with high purity. The size
distributions of quartz and magnetite are shown in Table 1. The proportion of —500 um
particles in raw quartz was 96.71%, and most particles were concentrated below 400 pm,
accounting for 89.98%. The percentage of —200 um particles in raw magnetite was 92.93%,
and it showed that the raw magnetite is finer than the raw quartz.
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Figure 2. The XRD pattern of quartz.
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Figure 3. The XRD pattern of magnetite.

Table 1. Size distribution of quartz and magnetite.

Mass Proportion in Size Class (%)

Size Range (um) Quartz Magnetite
Individual Cumulative Individual Cumulative
-5 0 0 0 0
—10+5 0 0 1.03 1.03
—20+10 0.20 0.20 4.26 5.29
—45 + 20 2.50 2.7 12.60 17.89
—75+45 4.45 7.15 19.62 37.51
—100 + 75 4.05 11.2 17.18 54.69
—200 + 100 32.61 43.81 38.24 92.93
—300 + 200 32.21 76.02 5.88 98.81
—400 + 300 13.96 89.98 1.04 99.85
—500 + 400 6.73 96.71 0.15 100
+500 3.29 100 0 100

2.2. Classification Tests

The tests were conducted to obtain the classification performance with a designed
experimental process. Three test parameters, namely solid mass percentage, backwash

water pressure, and rotation speed,

that significantly affected the classification process

were studied, and the range of test parameters is shown in Table 2. The quartz or synthetic
ore samples used for classification tests are obtained from sample preparation and sample
division with the required division variance. Although there may be slight errors in the
composition and particle size of the test samples, the errors can be almost ignored in the

classification results in the study.

Table 2. Classification test parameters.

Test Parameters Value
Solid mass percentage/% 9.09, 16.67, 23.08
Rotation speed /rpm 600, 1200, 1800, 2400, 3000, 3600
Backwash water pressure/kPa 35, 50, 100, 150, 200
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For each test, a solid mass of 50 g, 100 g, and 150 g is added to 500 g water to form a
solid mass percentage of 9.09%, 16.67%, and 23.08%, respectively. For the single quartz tests,
the sample volumes correspond, respectively, to 519 cm?, 537 cm® and 556 cm?; and for
synthetic ore tests, they correspond to 514 cm?, 523 cm?, and 533 cm? respectively. Firstly,
the quartz or synthetic ore pulp was fully mixed for five minutes, with a stirring speed of
1000 rpm. Then, the backwash water pressure and rotation speed were set according to
the test parameters’ combination in Table 2 to keep the KC in a stable operation condition.
Then, the slurry was pumped through a peristaltic pump (BT600, Changzhou PreFluid
Technology Co., Ltd., China), which was set at 450 rpm, to the feed hopper of the KC.
When the classification process is completed, the concentrate and tailings were collected
separately for drying and sample preparation.

For quartz classification tests, the particle size distributions (PSDs) of the tailings and
concentrate were measured using a laser particle size analyzer (Bettersize 3000, Bettersize
Instruments Ltd., Dandong, China). For synthetic ore classification tests, a magnetic tube
(XCGS-®50, Tianjin Hualian Mining Instrument Factory, Tianjin, China) was used to sepa-
rate the quartz and magnetite of the tailings and concentrate before the PSD measurements.
The schematic diagram of classification tests is shown in Figure 4.

Stirrer Peristaltic
pump
L)
Tailings
I
? : iy ——— > Concentrates
Controller Beaker Knelson Concentrator

Figure 4. Schematic diagram of classification process.

2.3. Evaluation of Classification Performance

Valid evaluation indicators allow for an accurate assessment of the classification perfor-
mance of this equipment. The partition curve shows the mass proportion of a specific size
class in the concentrate [33]. It is usually plotted on a horizontal log-scale to place emphasis on
the fine sizes [34]. The cut size (dsp) represents that the particles at that size have a 50% chance
of entering the concentrate. The dys, d75, and dgg are the same as the dsg in definition, and
they all can be obtained from the partition curve. The sharpness index (SI) and imperfection (I)
of these partition curves are quantified by Equations (1) and (2) [33,35]:

dps
S = —— 1
e 1)
_dys —dps

The larger the sharpness index, the higher the classification accuracy and the classifi-
cation effect. The smaller the imperfection, the higher the classification accuracy and the
classification effect.

In a mineral processing plant, the good or bad classification performance is also
evaluated by classification efficiency (CE). The CE represents the proportion of the actual
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mass of fine particles to the fine particles that would be separated ideally, which can be
calculated from Equation (3) [14]:

—9)

———= x 100% (©)]
«(f —6)

where « represents the mass percentage below the cut size in the feed, %; {3 is the mass
percentage below the cut size in the tailings, %; and 6 is the mass percentage below the cut
size in the concentrate, %.

3. Results
3.1. Effect of Test Parameters on the Yield of Quartz Concentrate

As depicted in Figure 5a, an overall increase in the yield of the quartz concentrate
is observed with an increase in rotation speed. It can be exemplified that the yield of
the quartz concentrate increases from 0.43% to 86% when the rotation speed increases
from 600 rpm to 3600 rpm, while maintaining a solid mass percentage of 16.67% and a
backwash water pressure of 100 kPa. The rise in the rotation speed results in an increase
in both the centrifugal force and terminal velocity on the particles, thereby facilitating the
sedimentation of particles into the rings as a concentrate.

The results obtained from Figure 5b indicate a decrease in the yield of the quartz
concentrate as the backwash water increases, considering different combinations of rotation
speed and solid mass percentage. Specifically, the yield of the quartz concentrate is reduced
from 80% to 56% when the backwash water pressure increases from 50 kPa to 200 kPa,
while maintaining a solid mass percentage of 16.67% and a rotation speed of 2400 rpm.
A well-established fluidized bed is formed with the aid of the backwash water pressure.
The increase in the backwash water pressure promotes the passage of fine quartz particles
through the fluidized bed into the tailings, resulting in a gradual decrease in the yield of
concentrate.

Additionally, Figure 5c highlights a general decrease in the yield of the quartz concen-
trate with an increase in the solid mass percentage. While the yield of the quartz concentrate
at a solid mass percentage of 16.67% is close to what is observed at a solid mass percentage
of 9.09%, a rapid decline occurs when the solid mass percentage reaches 23.08%. For a back-
wash water pressure of 100 kPa and a rotation speed of 3600 rpm, the yield of concentrate is
at solid mass percentages of 9.09%, 16.67%, and 23.08% are 87%, 86%, and 58%, respectively.
It is important to note that, as the KC operates as semi-continuous equipment, a higher
solid mass percentage of 23.08% leads to an excessive influx of minerals in the bowl] per
unit time. Consequently, some particles cannot settle effectively in the rings, resulting in a
lower yield of quartz concentrate.
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3.2. Effect of Solid Mass Percentage on the Quartz Classification Performance

The solid mass percentage significantly affects the classification performance of quartz.
For instance, when considering the test parameters of a rotation speed of 2400 rpm and
a backwash water pressure of 100 kPa (as shown in Table 3), the dsy value exhibits an
upward trend from 93 pm to 225 um as the solid mass percentage increases from 9.09%
to 23.08%, indicating that the cut size gradually increases with the increase in the solid
mass percentage, which is because the increase in the pulp concentration will lead to
an inadequate classification process. The dys value follows a similar pattern to the ds
value. However, the d7s and dgy initially decrease and then increase with the solid mass
percentage. The I reaches a minimum value of 0.40, and both the SI and CE attain a
maximum of 0.44 and 81.26%, respectively, when the solid mass percentage is 16.67%, thus
indicating that the best classification effect is achieved at a solid mass percentage of 16.67%.

Table 3. Solid mass percentage for the quartz classification performance at a rotation speed of
2400 rpm and a backwash water pressure of 100 kPa.

Solid Mass d25 d50 d75 dgo I SI CE

Percentage/% /um /um /um /um 1%
9.09 35 93 218 343 0.98 0.16 73.04
16.67 68 106 158 246 0.40 0.44 81.26
23.08 86 225 333 417 0.55 0.26 75.38

3.3. Effect of Rotation Speed on the Quartz Classification Performance

The rotation speed also plays a significant role in determining the efficiency of quartz
classification. Similar to sieving and hydraulic classification, the partition curves exhibit
an S-shape at different rotation speeds (Figure 6). When lower backwash water pressure
and rotation speed backwash combinations are employed, for instance, 600 rpm /50 kPa,
600 rpm /150 kPa, and 1200 rpm /50 kPa, nearly all the feed quartz particles report to the
tailings, thus indicating that the classification effect is poor. These results can be attributed
to the insufficient centrifugal force on the quartz particles, which cannot surpass other
mechanical forces, such as the drag force and buoyancy force. Consequently, these forces
collectively flush the quartz particles into the tailings. With an increase in the rotation speed,
the classification phenomena gradually manifest. Table 4 presents the evaluation indexes
for the classification performance at a solid mass percentage of 16.67% and a backwash
water pressure of 50 kPa.
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Table 4. Rotation speed on the quartz classification performance at a solid mass percentage of 16.67%
and a backwash water pressure of 50 kPa.

Rotation Speed dos dso dys dgg I SI CE
/rpm /um /um /um /um 1%
1200 220 355 509 633 041 0.43 81.30
1800 87 121 176 269 0.37 0.50 89.59
2400 57 100 141 210 0.42 0.41 78.54
3000 17 61 120 180 0.84 0.14 61.45
3600 24 49 105 161 0.84 0.22 76.84

The djs, dsp, dys, and dgg all decrease with the increase in the rotation speed. Ata
rotation speed of 1800 rpm, the I reaches its lowest value of 0.37, while both the SI and CE
values attain their maximum of 0.50 and 89.59%, respectively, thus highlighting that the
classification efficiency is optimal at a rotation speed of 1800 rpm.

3.4. Effect of Backwash Water Pressure on the Quartz Classification Performance

Similar to the solid mass percentage and rotation speed, the backwash water pressure
also has a significant impact on the efficiency of quartz classification, and the partition
curve also shows an S-shape (Figure 7). When lower rotation speeds are combined with
higher backwash water pressures, for instance, 1200 rpm/150 kPa, 1200 rpm /200 kPa, and
1800 rpm /200 kPa, no effective classification occurs, thus leading to the majority of the
feed quartz particles entering the tailings. Table 5 illustrates the evaluation indexes of
the KC at different backwash water pressures for a solid mass percentage of 16.67% and
a rotation speed of 1800 rpm. The backwash water pressure provides the driving force
to form a particle fluidized bed, which helps the fine quartz particles to escape from the
rings. However, when a larger backwash water pressure is employed, nearly all the feed
quartz particles are washed out from the bowl, thus resulting in no effective classification.
The dys, dsg, d75, and dgg increase with the backwash water pressure. The I reached its
minimum value of 0.37, while both SI and CE reach their maximum values of 0.50 and
89.59%, respectively, when the backwash water pressure was 50 kPa. These results indicate

that the optimal quartz classification efficiency is achieved at a backwash water pressure of
50 kPa.

Table 5. Backwash water pressure effect on the quartz classification performance at a solid mass
percentage of 16.67% and a rotation speed of 1800 rpm.

Backwash Water d25 d50 d75 dgo I SI CE
Pressure/kPa /um /um /um /um 1%
35 66 105 152 251 0.41 0.44 81.25
50 87 121 176 269 0.37 0.50 89.59
100 86 167 295 413 0.62 0.29 80.49

150 166 330 528 652 0.55 0.31 71.74
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Figure 7. The partition curves of quartz at different backwash water pressures and 16.67% solid mass

percentage.

3.5. The Evaluation of Quartz Classification Performance

The CEs of 47 tests are plotted as a ternary phase diagram, as shown in Figure 8. Three
parameters, namely the solid mass percentage, backwash water pressure, and rotation speed,
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form a triangle and are connected counterclockwise, and the values of them are successively
distributed on the three sides, from small to large. Inside the triangle, three straight lines
parallel to the sides of the triangle are made, and the intersection point and the corresponding
point on the z-axis are the test variables and the corresponding CE. The values of the CE
correspond to the right legend. The z-axis represents the CE, and the values of the CE
correspond to the right legend. It can be seen from the Figure 8 that the CE values of all tests
are greater than 50%. Particularly high CE values exceeding 70% are observed at a low solid
mass percentage and backwash water pressure, as indicated by Figure 8. Specifically, the CE
and cut size are 76.84% and 49 pm when the solid mass percentage is 16.67%, the backwash
water pressure is 50 kPa, and the rotation speed is 3600 rpm.

100

920

80

70

60

50

Figure 8. The ternary phase diagram of CE at different test parameter combinations.

A study conducted by Hou et al. [36] investigated the classification performance
of quartz particles in different hydrocyclones, and the cut size ranged from 62.21 um to
120.68 pm. Rasyid et al. [37] also studied the classification performance of semi-inverted
hydrocyclones with quartz as the feed. It was observed that the cut sizes were 57 &= 33 um
and 94 £ 27 pm at a position and pressure of 0° and 100 kPa and of 135° and 120 kPa,
respectively. The comparison results are shown in Table 6. Although the working principle
of the KC and hydrocyclone and the test variables that have an impact on the classification
effect are different, the comparison can only be made from some evaluation indicators of
the classification effect. Therefore, the dsp, a compromise index, was selected to evaluate
the classification effect of the KC and hydrocyclone. Nevertheless, these findings indicate
that the classification effect of the KC is comparable to that of the hydrocyclones from the
research by Hou et al. and Rasyid et al. The noteworthy classification performance of the
KC deserves attention and consideration.
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Table 6. The classification effects comparison of the KC and hydrocyclones.
Mineral Type Device éiizee Eg?gpe(’)s;i{iti?g) Test Parameters Cut Size dso Reference
05 mm Solid mass percentage, 16.67%
Quartz KC 9 6 719 ! Rotation speed, 1200 rpm 49 um This study
e Backwash water pressure, 50 kPa
CC type 62 um
+0.15 mm, CB type 95 um
Quartz Hydrocyclone 6.52%—0.15 mm, CCC type 75 um Hou et al. [36]
93.48% MS type 76 um
C type 120 pm
—0.096 mm, Position/° and pressure/kPa 57 4+ 33 um .
Quartz Hydrocyclone 80% 0 and 100135 and 120 94+ 27 um Rasyid et al. [37]
3.6. The Classification Performance of Synthetic Ore
As can be seen from Figure 9, the yield of quartz concentrate in single quartz and
synthetic ore tests increases with the rotation speed at the same backwash water pressure.
The yield of single quartz is larger than that of quartz in synthetic ore, and the differences
between them gradually increase with the increase in the rotation speed. These findings
suggest that the magnetite in synthetic ore impacted the quartz classification process. The
yield of magnetite in synthetic ore increases with the increase in the rotation speed and
decreases with the increase in the backwash water pressure, as shown in Figure 10.
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Figure 9. The yield in the quartz concentrate with single quartz and synthetic ore tests.
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Figure 10. The yield of magnetite concentrate at different backwash water pressures.

The partition curves of quartz and magnetite in the synthetic ore are shown in
Figures 11 and 12. A comparison of the partition curves reveals that the quartz parti-
tion curves in the synthetic ore do not exhibit an S-shape, while the magnetite partition
curves demonstrate a typical S-shape, indicating that the presence of magnetite not only
affects the yield of quartz but also influences the classification performance. Table 7 further
illustrates that, compared to single quartz, almost all the dys, dsg, dys, and dgg values of
quartz in synthetic ore increase significantly, while the CE decreases substantially. Since
magnetite has a higher density and smaller particle size, the slurry concentration of syn-
thetic ore becomes smaller, and, as a result, only coarser quartz particles can settle and
enter the concentrate by countering the backwash water, which leads to an increase in the
cut size [38].

Table 7. The quartz classification performance with single quartz and synthetic ore tests.

Backwash Water Rotation Speed . das dso d7s dgg CE
Pressure/kPa /rpm Mineral /um /um /um /um I St 1%
100 Quartz 67 106 152 246 0.40 0.44 80.50
Quartz in the synthetic ore 32 54 370 582 3.11 0.09 60.44
150 2400 Quartz 89 123 184 286 0.38 0.48 73.72
Quartz in the synthetic ore 58 203 481 597 1.04 0.41 57.48
200 Quartz 90 169 295 424 0.61 0.31 64.34

Quartz in the synthetic ore 102 264 461 540 0.68 0.30 62.50
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Figure 12. The magnetite partition curves in the synthetic ore classification tests at 16.67% solid mass
percentage of feed.
The presented classification size tends to decrease and increase as the rotation speed
and backwash water pressure increases, respectively, and the CE ranges from 46.64% to
87.46%, as shown in Table 8. As the density of magnetite is greater than that of quartz
and the size of magnetite is smaller than quartz, the dys, dsg, dys, and dgg of magnetite are
smaller than that of quartz. For example, at a backwash water pressure of 150 kPa and a
rotation speed of 1800 rpm, the cut sizes of quartz and magnetite are 330 pm and 92 um,
respectively, and the CEs of quartz and magnetite are 71.68% and 87.46%, respectively.
The magnetite exhibits a better classification efficiency than the quartz with the same
combination of test parameters.
Table 8. The magnetite classification performance at different test parameters.
Backwash .
Water Pressure Rotat/l;)nmSpeed /dzrfl /dslgl /dii /dglgl I SI /CO/E
/kPa P 28 22 p u °
1800 27 55 106 261 0.72 0.25 46.64
100 2400 26 46 37 54 0.12 0.71 61.61
3000 14 23 - - - - 64.36

3600 10 17 30 46 0.57 0.34 62.16
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Table 8. Cont.

Backwash
Water Pressure
/kPa

Rotation Speed d25 d50 d75 d90 CE

/rpm /um /um /um /um 1%

150

200

1800 62 92 148 245 0.47 0.42 77.04
2400 27 45 68 100 0.45 0.40 70.35
3000 15 24 39 58 0.50 0.39 64.42
3600 15 24 39 57 0.50 0.38 63.53
1800 51 80 110 185 0.37 0.47 87.46
2400 45 72 111 140 0.46 0.40 75.27
3000 19 36 87 151 0.95 0.21 58.97
3600 17 29 47 67 0.51 0.37 63.97

References

4. Conclusions

Three key test parameters, solid mass percentage, backwash water pressure, and
rotation speed, which are significantly affecting the classification performances of quartz
and synthetic ore were investigated in this study. The yield of the quartz concentrate
decreases as the solid mass percentage and backwash water pressure increase, while it
increases with the rotation speed. The classification size increases with the solid mass
percentage and backwash water pressure, while it decreases with the increase in the
rotation speed. Furthermore, the classification efficiency first increases, then decreases, and
then reaches the maximum value of 81.26% when the solid mass percentage is 16.67%. An
optimum classification performance is reached with the classification efficiency of 89.59%,
imperfection of 0.37, and sharpness index of 0.50 at a rotation speed of 1800 rpm and
a backwash water pressure of 100 kPa. The cut size of the KC is close to that of some
hydrocyclones reported in the literature. Classification tests of synthetic ore composed of
magnetite and quartz were conducted to investigate the classification properties of actual
minerals. The magnetite increases the settling velocities of the synthetic ore, which leads
to a larger classification size of quartz than single quartz tests. The magnetite has a finer
classification size and better classification efficiency than quartz. This investigation of
particle classification performances in the Knelson concentrator is beneficial for clarifying
the migration rule of fine-grained minerals in the enhanced gravity field.
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