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Test work on a 100mm water-injection cyclone was carried out using a ground lead-zinc ore. Experiments
were conducted varying the vortex finder diameter, spigot diameter, feed inlet pressure and injection water
rate. The effect of variables on the performance of the water-injection cyclone in terms of slurry throughput
and corrected cut-size are presented. A set of equations have been developed for predicting the performance of
a water-injection cyclone. Further, the reduced efficiency curve was quantified to predict the size distribution
of water-injection cyclone products.

Keywords: Water-injection cyclone; Corrected cyclone cut-size; Minimum distribution point; Reduced
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1. INTRODUCTION

Water-injection cyclone (Fig. 1(a)) can be visualized as a normal hydrocyclone with an
injection water assembly above the apex. Inside the injection water assembly (Fig. 1(b))
water is jacketed between two cylindrical portions. The outer cylinder of the bigger
radius is a solid body and the inner cylindrical portion with a smaller radius is provided
with tangential inlet holes at the middle of its height on the periphery. Water, which is
injected tangentially, travels transversely towards the cyclone axis through the under-
flow slurry. In this process, the feed water reporting into the underflow will be displaced
by injected water. This in turn carries out the entrapped fines into the overflow. Above
the injection water assembly and below the conical portion of the cyclone, a truncated
cone arrangement is provided to restrict the direct contact of the underflow slurry with
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the water injection holes. This arrangement also avoids the direct entry of injected water
into the cyclone body.

The applications of a water-injection cyclone in order to obtain an underflow
product relatively free of fines was available in the literature [1–7]). These studies
have indicated the potential application in the coal and other industrial mineral sectors
where the specific gravity differential between valuable minerals and gangue is small.

However, in the case of lead-zinc base metal ores, during grinding galena and
sphalerite (the major lead-zinc bearing minerals in the ore) being brittle tend to be seg-
regated at finer sizes than the gangue. Considerable portions of lead and zinc mineral
particles below the cut-size of the cyclone, report to underflow along with feed water.
Attempts made to recover these liberated heavy mineral particles into the overflow
product using a water-injection cyclone have indicated that considerable amounts of
liberated mineral fines (below 25 mm) can be recovered into the overflow product [8],
which otherwise would report in major amounts in the underflow product of a
normal hydrocyclone.

In the present study, the established models of Lynch and Rao [9] were adopted
to model the results obtained by treating a typical ground lead-zinc ore in
a standard Krebs KH4 Cyclowash model (water-injection cyclone, supplied from
Krebs Engineers). In order to obtain the corrected cyclone cut size for a particular
experiment, the actual partition numbers were corrected by a factor, which is the
minimum partition value for that experiment.

Further, the established Plitt’s equation [10] was used to define the reduced efficiency
curve. The details of the experimental programme and the methodology adopted are
discussed in the following sections.
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FIGURE 1 Water-injection cyclone (A) and injection water assembly (courtesy Krebs Engineers) (B).
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2. EXPERIMENTAL

2.1. Sample Collection and Characterization

The lead-zinc ground ore sample was collected from the operating plant at Rampura-
Agucha Mines of Hindustan Zinc Limited, India. The sample slurry was filtered, dried
and collected adopting standard sampling techniques [11]. A representative ore sample
was examined for mineral phase identification using a X-ray diffraction (XRD) tech-
nique, size analysis and size-by-size metal and mineral distribution. The XRD studies
have indicated the presence of galena and sphalerite as the abundant ore minerals of
lead and zinc.

The size-by-size percentage weight report of the sample is presented in Fig. 2. The
figure indicates that 90.4% of the material passed through 212 mm and 31.0% of the
material is in the form of fines below 25 mm. The figure also indicates the cumulative
lead and zinc metal distribution. A minimum lead and zinc content of 1.76% and
4.88% respectively can be observed at a coarsest fraction below 300 mm. Similarly the
lead and zinc contents of 3.0% and 5.9% respectively can be observed in the aggregate
feed. It may be observed from the figure that lead and zinc content increase with
decreases in particle size.

Different size fractions obtained from the sieve analysis were examined under a
microscope for mineralogical distribution. The size-by-size mineralogical composition
of the ground lead-zinc ore sample is presented in Fig. 3. It may be noted from the
figure that the amount of heavy minerals (galena, sphalerite, pyrite and chalcopyrite)
increases with decreases in particle size. Conversely, the amount of lighter gangue
minerals decreases with a reduction of particle size. For example, the coarsest fraction,
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FIGURE 2 Size analysis and size by size lead and zinc metal distribution.
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e.g. �300þ 212 mm size contained only 20.4% of heavy minerals and the finest fraction,
�25 mm size contained as high as 67.4% of heavy minerals. This indicates preferential
grinding of metallic minerals over the gangue. It may further be noted from the figure
that the abundance of minerals present in the sample (except at fines below 25 mm) is in
the following order:

Gangue>Pyrite>Sphalerite>Galena>Chalcopyrite

The lead, zinc, iron and copper minerals (galena, sphalerite, pyrite and chalcopyrite)
with specific gravities between 7.5 and 4.0, are heavier than the associated gangue
minerals with typical specific gravity values around 2.6.

2.2. Experimental Set-up and Test Procedure

The test-rig used in the experimental work (Fig. 4) consisted of a feed slurry tank (200l)
and an injection water tank (100l) mounted on a stable platform. The bottom of the
feed slurry tank was connected to a centrifugal pump driven by a three-phase,
5.5 kW motor. The outlet of the pump was connected to the feed inlet of a 100mm
water-injection cyclone positioned vertically above the feed slurry tank. A by-pass
pipe with a control valve was connected to the pump outlet line to obtain the required
pressure drop inside the cyclone.

A pre-selected vortex finder, truncated cone and spigot were fitted to the body of the
water-injection cyclone. A measured amount of solids and water were mixed in the feed
tank to achieve solids consistency of 10% (by weight) in the feed pulp. Initially, the
injection water was pumped into the cyclone at a pre-selected rate and then the feed
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FIGURE 3 Size by size mineral distribution; CP: Chalcopyrite; Ga: Galena; Sp: Sphalerite; Py: Pyrite;
Gan: Gangue.
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slurry was pumped at the required pressure. Timed samples from both the overflow and
underflow slurry streams were collected simultaneously. The slurry and solid weights of
the products were measured and solid samples were used for size analysis.

2.3. Experimental Design

A set of 24 experiments were carried out. Experiments were differentiated by varying
important variables such as the vortex finder diameter; the combination of truncated
cone diameter and spigot diameter (at each diameter of the spigot opening, a truncated
cone of appropriate size was inserted), the feed inlet pressure and injection water rate
were studied.

3. RESULTS AND DISCUSSION

The test conditions and the results obtained are presented in Table I. The effects of
variables and models developed are discussed in the following sections.

3.1. Effect on Slurry Throughput

The slurry throughput is a combined value of feed slurry rate and injected water rate.
It may be observed from the table that an increase in vortex finder diameter, spigot
diameter, feed pressure and injection water rate, in general increases the slurry through-
put. An increase in the slurry throughput for an increase in vortex finder diameter
and spigot diameter could be due to increased openings for passage. Increased slurry
throughput at higher feed pressure could be due to increased centrifugal field, which
reduces the residence time of slurry in the cyclone system.
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FIGURE 4 Water-injection cyclone test-rig.
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The equation relating the variables and the slurry throughput is as follows:

Q ¼ 0:584VF0:570 SPIG0:369 P0:44 IR0:168 ð1Þ

ðR2 ¼ 0:980 : standard error ¼ 0:417Þ

3.2. Prediction of Corrected Cyclone Cut-size d50c

The actual partition curve relating the percentage distribution of each size fraction into
the underflow product and the particle size is corrected by applying a correction factor
Rf, which is equal to the mass fraction of the feed water reporting to the underflow.
However, the Rf value could not be estimated in a water-injection cyclone due to the
additional water source. Thus, the minimum distribution point (MDP) on the actual
partition curve (Fig. 5) for an individual experiment was used as a correction factor.
From the corrected efficiency curve the cyclone cut-sizes d50c were generated.

It may also be observed from Table I that there is a general trend to increase the
corrected cut size with an increase in the vortex finder diameter and injection water

TABLE I Experimental conditions and test results obtained from a 100mm water-injection cyclone

Ex. No. VF SPIGb Pressure IR Q MDP d50c

1 25.40 26.97 0.56 1.20 10.5 47.0 17.5
2 25.40 26.97 1.12 1.20 13.7 37.7 14.2
3 31.75 26.97 0.56 1.20 11.3 24.5 20.2
4 31.75 26.97 1.12 1.20 15.3 27.4 16.3
5 31.75 22.23 0.56 1.20 10.7 9.3 41.4
6 31.75 22.23 1.12 1.20 14.7 10.0 26.8
7 25.40 22.23 0.56 1.20 9.7 16.0 35.6
8 25.40 22.23 1.12 1.20 12.6 20.1 20.0
9 25.40 22.23 0.56 2.40 10.0 22.8 22.5
10 25.40 22.23 1.12 2.40 13.5 28.2 16.6
11 31.75 22.23 0.56 2.40 11.5 11.2 28.0
12 31.75 22.23 1.12 2.40 15.6 18.9 17.5
13 31.75 26.97 0.56 2.40 12.3 20.7 20.0
14 31.75 26.97 1.12 2.40 17.0 22.1 16.6
15 25.40 26.97 0.56 2.40 10.8 33.2 19.3
16 25.40 26.97 1.12 2.40 14.8 37.5 14.5
17 25.40 26.97 0.56 3.60 12.4 14.3 26.2
18 25.40 26.97 1.12 3.60 16.4 31.4 14.9
19 31.75 26.97 0.56 3.60 13.8 3.0 56.2
20 31.75 26.97 1.12 3.60 18.8 19.8 16.9
21a 31.75 22.23 0.56 3.60 No solids were reported
22 31.75 22.23 1.12 3.60 17.7 12.3 26.2
23a 25.40 22.23 0.56 3.60 No solids were reported
24 25.40 22.23 1.12 3.60 15.6 11.3 19.3

Note. aExperiments 21 and 23 were not considered in developing equations.
bTruncated cone diameters of 19.05 and 25.4mm are used for spigot diameters 22.23 and 26.97mm respectively (standard
truncated cones supplied by Krebs Engineers).
VF: vortex finder diameter (mm).
SPIG: spigot diameter (mm).
IR: injection water rate (metric tonnes per hour).
Q: slurry throughput including injection water (metric tonnes per hour).
MDP: minimum distribution points (%).
d50c: corrected cut-size in microns.
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rate and a decrease in spigot diameter and feed pressure. An increase in the vortex
finder diameter increases slurry flow opening into the overflow. Similarly, an increase
in injection water rate increases the vertical push on the particles, which not only results
in fine displacement from the underflow, but also pushes some portion of coarse
material report into the overflow resulting in increased cyclone cut size.

An increase in the spigot diameter widens the passage for materials in the downward
direction, which results in increased fines entrapment in the underflow due to insuffi-
cient residence time. The lower values of cut size achieved at higher feed pressures
may be explained by an increased centrifugal force on particles at higher pressures
that results in finer fractions also reporting to higher radial distances in the cyclone
body and reporting through the underflow.

The relationship between the d50c values and the variables is presented in Eq. (2):

log10 d50c ¼ 0:032VF � 0:11 SPIG� 0:89Pþ 0:034 IRþ 5:503 ð2Þ

ðR2 ¼ 0:90 : standard error ¼ 2:810Þ

3.4. Prediction of Minimum Distribution Point (MDP) Values

Having corrected the actual distribution curves with the MDP values, it is necessary to
develop a relationship for predicting the MDP values for a complete model. The equa-
tion relating the variables and the MDP values is as follows:

log10 MDP ¼ �0:07VFþ 0:153 SPIGþ 0:066P� 0:087 IRþ 1:352 ð3Þ

ðR2 ¼ 0:932 : standard error ¼ 2:82Þ
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FIGURE 5 Typical uncorrected and corrected classification curves.
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The equation indicates that the MDP values in the water-injection cyclone decreases
with an increasing vortex finder diameter and injection water rate. The equation
also indicates that the MDP values increase with an increasing spigot diameter
and feed pressure. These observations may be attributed to the fact that the
amount of fines in the underflow product decreases at increased levels of vortex
finder diameter and injection water, and at decreased levels of spigot opening and
feed pressure.

3.5. Prediction of the Reduced Efficiency Curve

The corrected distribution points (Y ) obtained at different test conditions are plotted
against reduced sizes, i.e. d/d50c [11] in Fig. 6. It can be observed from the figure that
the reduced efficiency curve remains unchanged over a wide range of design and oper-
ating conditions of water-injection cyclone. The equation relating the reduced size and
the corrected distribution data is as follows:

Y ¼ 100 1� e0:6931fd=d50cg
2:239

h i
ð4Þ

ðR2 ¼ 0:981 : standard error ¼ 4:831Þ

The actual and predicted values of the slurry throughput, d50c, MDP values and distri-
bution points are presented in Figs 7–10, respectively. It may be observed from the
figures that the actual and predicted values are close to diagonal lines connecting the
minimum and maximum values in each figure, which indicates good prediction levels
of these equations.
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FIGURE 6 Reduced efficiency curve obtained for the data on 100mm water-injection cyclone.
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FIGURE 9 Relationship between actual and predicted values of minimum distribution points.
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4. CONCLUSION

The methodology used for predicting hydrocyclone performance can also be applied for
predicting the performance of a water-injection cyclone by applying MDP values to
obtain the corrected cyclone cut-sizes. The following four equations together predict
the classification performance of a 100mm water-injection cyclone:

Q ¼ 0:584VF0:570 SPIG0:369 P0:442 IR0:168

log10 d50c ¼ 0:032VF� 0:11 SPIG� 0:89Pþ 0:034 IRþ 5:503

log10 MDP ¼ �0:07VFþ 0:153 SPIGþ 0:066P� 0:087 IRþ 1:352

Y ¼ 100 1� e0:6931fd=d50cg
2:239

h i
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