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Abstract: Hydrocyclones are extensively known as important separation devices which are used
in many industrial fields. However, the general method to estimate device performance is
time-consuming and has a high cost. The aim of this paper was to investigate the blockage diagnosis
for a lab-scale hydrocyclone using a vibration-based technique based on wavelet denoising and the
discrete-time Fourier transform method. The results indicate that the farther away the installation
location from feed inlet the more regular the frequency is, which reveals that the installation plane
near to the spigot generated the regular frequency distribution. Furthermore, the acceleration
amplitude under blockage degrees 0%, 50% and 100% fluctuates as a sine shape with increasing
time, meanwhile the vibration frequency of the hydrocyclone rises with increasing throughput.
Moreover, the distribution of four dimensional and five non-dimensional parameters for the time
domain shows that the standard deviation, compared to the others, reduced gradually with increases
in blockage degree. Thus, the standard deviation was used to evaluate the online diagnosis of the
blockage. The frequency domain distribution under different throughput reveals that the characteristic
peaks consisting of the faulty frequency and multiple frequency were produced by the faulty blockage
and the feed pump, respectively. Hence, the faulty peak of 16–17 Hz was adopted to judge the
real-time blockage of the hydrocyclone, i.e., the presence of the characteristic peak marks the blockage,
and its value is proportional to the blockage degree. The application of the online monitoring system
demonstrates that the combination of the time domain and the frequency domain could admirably
detect the running state and rapidly recognize blockage faults.

Keywords: blockage diagnosis; wavelet denoising; discrete-time Fourier transform; vibration-based
technique; hydrocyclone

1. Introduction

Hydrocyclones are extensively known as important devices for solid-fluid or solid-solid separation
via centrifugal force [1,2]. The typical hydrocyclone is comprised of one tangential inlet and two
axial outlets;(a) a large one at the top for discarding fines and (b) a small one at the bottom to
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discharge coarse particles [3,4]. Due to the distinct virtue of a simple design, convenient operation,
high capacity and low cost, hydrocyclones have been widely used in mineral, chemical, environmental
and some other industrial fields [5–7]. The typical method to estimate the classification performance of
hydrocyclones employs the partition curve, which illustrates the mass fraction of particles of specific
size in the inlet that reports to the underflow [8]. Generally, the evaluation procedure includes sampling,
sample treatment, testing and data analysis [9,10]. Although this evaluation method can accurately
reflect the device performance, it also possesses the disadvantages of being time-consuming and high
cost. This is adverse for the timely and economic judgment of hydrocyclone status, which could
improve the faulty operating conditions and reduce continued economical operation.

In the past few decades, due to abundant online information, vibration-based techniques have
been rapidly adopted to monitor the lifecycle of both vibrational and static devices, such as electric
motors, bridges, aero-crafts, etc. [11,12]. In this approach, the procedure can be generally designed step
by step. Firstly, a group of high-performance sensors are installed in the proper locations in equipment.
Then, the vibration information is collected by these sensors under certain conditions. Finally, a set of
reasonable algorithms are employed to process the collected signal and to analyze the equipment state.
Thus, this technology has been widely used in fault detection and diagnosis. Here, fault detection is
defined as the indication at a specific time point that a faulty condition has started occurring, or is
continuing to occur. Fault diagnosis is defined here as the indication of which measured process
variables are most associated with the faulty condition, and the subsequent classification of process
variables as either symptoms or causes of the faulty condition [13].

The above discussion of previous studies indicates that some general understanding of the
working process evaluation of hydrocyclones is available. However, to the best of the authors’
knowledge, a real-time monitoring approach of hydrocyclone status is not yet reported and remains
unexplored. In view of the aforesaid knowledge gap, the goal of this study was to explore
online detection and diagnosis involving a typical fault, namely a blockage. To achieve the
aforesaid purpose, a vibration-based technique was adopted considering a lab-scale hydrocyclone.
Specifically, the objectives of the current work were to:

(1) Explicitly describe the experimental approaches including the setup, procedure and data analysis.
(2) Explore the appropriate installation location of vibration acceleration sensors for a

lab-scale hydrocyclone.
(3) Systematically research the blockage diagnosis using the time domain and the frequency domain

based on the acceleration vibration information.
(4) Critically analyze the online monitoring system for detecting and recognizing blockage faults of

the lab-scale hydrocyclone.

2. Methodology

2.1. Experimental

Figure 1 shows the (a) diagram and (b) photograph of the experiment rig used for the fault
diagnosis experiments. It includes two parts, i.e., the measured hydrocyclone subsystem and the
measuring subsystem. The measured subsystem consisted of a 1 m3 feed tank, a 0–50 Hz frequency
converter and a 0–50 m3/hrs variable speed pump. The pressure and mass flow of the inlet and
the outlets were gauged by mechanical manometers and electromagnetic flow meters, respectively.
A 150 mm hydrocyclone (see Table 1 for details) was incorporated into the work presented, wherein,
the length of the column was 150 mm, and the diameter and extending length of the vortex finder were
considered as 44 and 60 mm, respectively. Based on this, a spigot of diameter 12 mm and cone of angle
20◦ were used to generate the crowding and hindered settling conditions in the cone. In the measuring
subsystem, four vibration acceleration sensors (CT1010L ICP/IP) of sensitivity 100 mV/g were evenly
installed in the proper positions to gauge vibration information. Three planes, z = −100 mm, −200
mm and −300 mm in Figure 1, were considered as the potentially optimal positions (see Section 3.1
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for details of sensor installation location). A data acquisition card (NI MCC1608G) of sampling rate
250 kilo-samples per second was employed to synchronously acquire the data from the aforementioned
sensors. A workstation was used for real-time data analysis.

Figure 1. Diagram of experiment rig.

Table 1. Structures and operations of the hydrocyclone.

Items Value

Diameter of hydrocyclone 150 mm
Diameter of inlet 50 mm
Length of column 150 mm

Length of vortex finder 60 mm
Diameter of vortex finder 44 mm

Angle of cone 20◦

Diameter of spigot 12 mm

The experimental procedure was considered as the following implementation.
Step 1. Sand (density −1.6 g/cm3 and granularity < 1 mm) was used in the diagnostic test.

Firstly, the slurry was sufficiently stirred to ensure homogeneity of the concentration, found as 75, 87.5,
100, 112.5 and 125 g/L, respectively, the slurry was then fed into the tank. Then, it was transported to the
hydrocyclone at an inlet flow of 8–16 m3/h, with the typical hydrocyclone faults present (namely block
and wear of spigot). The duration of the measured hydrocyclone subsystem run was approximately
30 min to achieve the steady-state conditions.

Step 2. The vibration signals were gauged by the above-mentioned sensors under different
working conditions (see details in Table 2, wherein Items 1–3 and 4–18 were for sensor installation
location and blockage testing, respectively). Wherein, the blockage degree is defined as the area
percentage of the blocked part of the underflow outlet. Then, all the information was synchronously
transported to the workstation by the data acquisition card. In order to improve the representativeness,
each sampling time was up to 30 s, and the following results were based on the last 10 s of the time
(i.e., 21–30 s). Finally, dynamic signal data were post processed in real time by the high-performance
computer. Note that the average value of data from four sensors were used in the following analysis.
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Table 2. Experiment conditions.

Test Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Throughput
(m3/h) 18 18 18 8 8 8 10 10 10 12 12 12 14 14 14 16 16 16

Frequency
(Hz) 50 50 50 22 22 22 28 28 28 33 33 33 39 39 39 44 44 44

Concentration
(g/l) 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120

Blockage
degree

(%)
0 0 0 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100

2.2. Data Analysis

In this work, wavelet denoising function [14,15], given as Equations (1)–(4), was employed to
denoise the original signals collected by the four sensors to generate the time domain information.
Then, Equation (5) was used to acquire the average time domain information. Both dimensional and
non-dimensional evaluation indicators were considered to evaluate the average time domain results
to detect and diagnose the hydrocyclone faults of blockage and wear. Wherein, Equations (6)–(9)
and Equations (10)–(14) are the dimensional and non-dimensional function, respectively. Afterward,
Discrete-time Fourier Transform algorithm (DTFT) [16–18], shown as Equation (15), was conducted to
transform the time domain to frequency domain information. Finally, Equation (16) was applied to
estimate the average value of the frequency domain information. The details of the aforementioned
models are shown in Table 3.

Table 3. Models for hydrocyclone fault diagnosis.

Items Models

Time domain algorithm

Discrete wavelet transform formula ϕ j,k(t) = a
−

j
2

0 ϕ
(
a− j

0 t− k
)

ϕ j,k(t)εL2(R), a0 > 0, j, kεZ (1)

WT f ( j,k) =
∫ +∞

−∞
fr(t)ϕ j,k(t)dt (2)

Wavelet denoising process ŴT f ( j,k) =

 sgn
(
WT f ( j,k)

)(∣∣∣WT f ( j,k)

∣∣∣− γλ) ∣∣∣WT f ( j,k)

∣∣∣ ≥ λ
0

∣∣∣WT f ( j,k)

∣∣∣ < λ (3)

Time domain signal reconstruction f (t) =
∑
j,k

WT f ( j,k)ϕ j,k(t) (4)

Average time domain fa = 1
4

4∑
i=1

∣∣∣ fi(t)∣∣∣ (5)

Dimensional analysis index

Standard deviation s =

√
1

n−1

n∑
i=1

(
fai − f a

)
(6)

Root mean square frms =

√
f 2
a1+ f 2

a2+···+ f 2
an

n =

√
1
n

n∑
i=1

fai (7)

Mean value f = fa1+ fa2+··· fan
n = 1

n

n∑
i=1

fai (8)

Rectified mean value
∣∣∣ f ∣∣∣ = | fa1|+| fa2|+···| fan|

n = 1
n

n∑
i=1
| fai| (9)

Dimensionless analysis index
Peak indicator sk =

α
f 3
rms

(10)

Waveform indicators s f =
frms∣∣∣∣ f ∣∣∣∣ (11)

Pulse indicator c f =
fmax
frms

(12)

Kurtosis index ku =
β

f 2
rms

(13)

Margin Index cl f =
fmax
fr

(14)
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Table 3. Cont.

Items Models

Frequency domain algorithm

Discrete-time Fourier Transform F(ω) =
∞∑

n=−∞
f (t)e− jωn (15)

Average frequency domain |F| = 1
4

4∑
i=1

∣∣∣F(ω)i

∣∣∣ (16)

Wherein, fr(t) refers to a noisy time domain signal, γ refers to the threshold selection parameter,
ω refers to frequency and is a continuously changing real number, α represents the skewness of the
signal data, fmax represents the peak value of the signal, β = 1

n
∑n

i=1 f 4
i represents the kurtosis of the

signal data, fr =
(

1
n
∑n

i=1

√∣∣∣ fi∣∣∣)2
represents the square root amplitude of the signal data, n = 500 is the

number of collected signals in a sampling period.

3. Results and Discussion

3.1. Sensor Installation Location

As mentioned, four vibration acceleration sensors were successively installed in three planes
(see the blue dotted line in Figure 1) to determine the optimum position. The original vibration
information was collected simultaneously under the same test conditions (see details of test 1–3 in
Table 2). The average frequency domain information (calculated using Equations (15) and (16)) are
shown in Figure 2a–c (z = −100, −200, and −300 mm, respectively). It is noted that the amplitude in this
paper represents the acceleration amplitude, wherein the standard acceleration of gravity g (9.81 m/s2)
is generally used as the unit in vibration measurement. In this figure, the time domain ranges from 0 to
150 Hz, which reveals that the shown values of hydrocyclone vibration are largely low frequency. It is
clear that Figure 2a,b show similar trends, namely two different maximums lie in the frequency domain
curve, while Figure 2c exhibits only one maximum. Specifically, the peaks of 15 and 50 Hz, the peaks
of 30 and 50 Hz and the peak of 50 Hz can be observed in Figure 2a–c, respectively. It is noted that
the frequency of the feed pump in each test was 50 Hz. This reveals that the sensor installed in plane
z = −100 or −200 mm provided the signal, which was affected by not only the fundamental frequency
50 Hz of vibration produced by the feed pump, but also other promiscuous frequencies of 15 and
30 Hz (perhaps produced by device vibration). Furthermore, the farther away the installation location
was from the feed inlet, the more regular the frequency. However, the absent promiscuous frequency
can be seen with the installation plane of z = −300 mm (near to spigot). Meanwhile, the fundamental
frequency can be filtered effectively using Equations (1)–(4) to improve the experimental precision.
Thus, the vibration information was collected in plane z = −300 mm in the following study.
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Figure 2. Average frequency domain distribution of four sensors installed in different horizontal planes:
(a) z = −100 mm (b) z = −200 mm and (c) z = −300 mm.

3.2. Diagnosis of Blockage

The average time domain distributions estimated by wavelet denoising method (Equations (1)–(4))
are shown in Figure 3 (a) 8 m3/h (b) 10 m3/h (c) 12 m3/h, (d) 14 m3/h and (e) 16 m3/h, wherein Roman
numeral I, II and III correspond to the blockage degree of 0%, 50% and 100%, respectively. The test
conditions are shown in test number of 4–18 in Table 2. The presented time span was the last second
of the sampling process, i.e., 29–30 s, as a representative figure. It is evident that the acceleration
amplitude changes rapidly with the increased sampling time. In detail, all time domain curves generally
display a similar trend, viz. sine shape, and these distributions become conspicuous with increasing
throughput. Furthermore, under the same throughput, the fluctuating curves with different blockage
degree demonstrated a similar period. However, both 0% and 100% blockage degree exhibited less
fluctuation, while 50% blockage degree showed a contrary phenomenon. Moreover, the period of time
domain curves with higher peak value decreased from −0.05 s to 0.02 s with an increase in throughput
(8–16 m3/h). This indicates that the vibration frequency of the hydrocyclone goes up with the increase
of throughput.
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Figure 3. Cont.
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Figure 3. Time domain distribution with blockage degree of I 0%, II 50% and III 100% under the
throughput (a) 8, (b) 10, (c) 12, (d) 14 and (e) 16 m3/h.

Table 4 illustrates the analysis of the dimensional and non-dimensional index (gotten by
Equations (6)–(9), (10)–(14), respectively) based on the above time domain information. From this table,
it can be seen that with the increased blockage degree the standard deviation decreased gradually,
while the kurtosis index firstly increased and then decreased, however, the other indicators changed
irregularly. In addition, Figure 4 exhibits the distribution of (a) standard deviation and (b) kurtosis
index with increasing throughput under different blockage degrees. In Figure 4a, under different
blockage states, the standard deviation of acceleration amplitude fluctuated around −0.075 g and then
rapidly grew to 0.25–0.35 g as the throughput increased from 8 m3/h to 16 m3/h. Generally, the larger
the throughput the bigger the standard deviation, although the standard deviation curves overlap
under lower throughput. In Figure 4b, the kurtosis index of −1.1 first increased and then quickly
went up to 4.4–5.3 with the increased throughput. Similarly, the higher the throughput, the larger
the kurtosis index. However, the kurtosis index curves always overlap at different blockage degrees.
The comparison of Figure 4a,b demonstrates that the standard deviation parameter can be used to
estimate the diagnosis of blockage online.

Table 4. Dimensional and non-dimensional evaluation.

Throughput
(m3/h)

Standard
Deviation

Root Mean
Square Mean Value Rectified Mean

Value

Blockage Degree
(%)

Blockage Degree
(%)

Blockage Degree
(%)

Blockage Degree
(%)

0 50 100 0 50 100 0 50 100 0 50 100

8 0.08 0.08 0.07 0.40 0.37 0.37 −0.39 −0.36 0.36 0.39 0.36 0.36
10 0.12 0.12 0.10 0.34 0.34 0.35 −0.32 −0.32 −0.34 0.32 0.32 0.34
12 0.11 0.09 0.09 0.34 0.37 0.38 −0.32 −0.35 −0.37 0.33 0.35 0.37
14 0.31 0.28 0.24 0.44 0.43 0.44 −0.32 −0.33 −0.37 0.38 0.37 0.38
16 0.35 0.31 0.26 0.49 0.45 0.46 −0.34 -0.33 −0.37 0.35 0.34 0.38

Throughput
(m3/h)

Peak Indicator Waveform
Indicators Pulse Indicator Kurtosis Index Margin Index

Blockage Degree
(%)

Blockage Degree
(%)

Blockage Degree
(%)

Blockage Degree
(%)

Blockage Degree
(%)

0 50 100 0 50 100 0 50 100 0 50 100 0 50 100

8 1.22 1.46 1.28 1.02 1.02 1.01 1.24 1.49 1.28 1.14 1.21 1.10 3.16 4.16 3.57
10 1.45 1.53 1.39 1.06 1.06 1.04 1.53 1.62 1.44 1.44 1.46 1.26 4.80 4.99 4.23
12 0.01 0.49 0.59 1.12 1.08 1.07 2.63 2.16 2.22 4.40 4.74 5.23 8.07 6.14 5.91
14 0.10 0.06 0.10 1.24 1.24 1.19 2.68 2.59 2.58 1.71 1.92 1.84 7.08 7.05 6.85
16 0.05 0.06 0.11 1.24 1.20 1.10 2.36 3.07 2.18 1.66 1.85 1.84 6.80 9.00 5.79
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Figure 4. Distribution of (a) standard deviation and (b) kurtosis index of acceleration amplitude with
increasing throughput under different blockage degrees.

Figure 5 describes the distribution of the frequency domain under different throughputs: (a) 8,
(b) 10, (c) 12, (d) 14 and (e) 16 m3/h, wherein Roman numeral I, II and III correspond to the blockage
degree of 0%, 50% and 100%, respectively. The present frequency domain curves were evaluated using
Equations 6–8. The range of the time domain was 0–150 Hz according to the above results from sensor
installation location (in Section 3.1). It is noted that with increasing feed flow, the frequency of feed
pump constantly raised, where its values, corresponding to the above throughputs, were 22, 28, 33, 39
and 44 Hz, respectively (see test conditions in Table 2). These values are equal to the corresponding
fundamental frequency caused by feed pump. From Figure 5a–e, it can be seen that the frequency domain
distribution with different throughputs displays similar trends. Generally, the distinct characteristic
peaks of acceleration amplitude (see the blue circle in Figure 5a-I) can be observed in the frequency
domain curves under 0%, 50% and 100% blockage degree. However, the extra peak (see the red circle
in Figure 5a-II and a-III) can be observed in both 50% and 100% blockage degree, compared to 0%
blockage degree. Take the throughput of 8 m3/h (shown in Figure 5a) as an example to elaborate as
follows. In Figure 5a-I–III, the acceleration amplitude peaks locate near 22, 44, 66, 110, and 132 Hz,
which were multiples of the current fundamental frequency. However, when the blockage degree
exceeded 0% in Figure 5a-II,III, a lower peak of acceleration amplitude appears in the frequency of
16–17 Hz. This tendency reveals that the blockage of the hydrocyclone caused weaker vibrations
of low frequency and amplitude. The analogous distribution can be clearly detected in the other
cases. Moreover, with increased capacity the corresponding fundamental and multiple frequency
raised, while the additional peak with increasing acceleration amplitude always stands at 16–17 Hz.
In addition, the bigger the blockage degree, the larger the additional peak of acceleration amplitude.
This result exposes that the acceleration amplitude peak of the hydrocyclone in the frequency domain
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can be divided in to two parts, namely the faulty frequency and multiple frequency which were
produced by the faulty blockage and the feed pump, respectively. Thus, the peak that lies in 16–17 Hz
can be considered as the characteristic parameter to judge the real-time blockage phenomenon of
the hydrocyclone, i.e., the presence of the characteristic peak marks the blockage and its value is
proportional to the blockage degree.

Figure 5. Cont.



Processes 2020, 8, 440 11 of 15

Figure 5. Frequency domain distribution with blockage degree of I 0%, II 50% and III 100% under the
throughput (a) 8 m3/h (b) 10 m3/h (c) 12 m3/h, (d) 14 m3/h and (e) 16 m3/h.
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3.3. Online Monitoring System

Based on the above study, an online monitoring system was designed using Lab-view software
based on the fault diagnosis rigs of the lab-scale hydrocyclone. In this system, the collected signals
from acceleration vibration sensors were processed using the fore-mentioned procedure (see Section 2.1
for details). Each set of fault characteristic data was tested four times during the test. However, all of
these processes were completed by the computer automatically. Figure 6 shows the key operation
interface; (a) time domain, (b) statistical analysis and (c) frequency domain. During system running,
the operation process of the hydrocyclone was monitored in real-time, and different artificial blocking
faults were produced. This application shows that the rate of fault recognition reached more than 95%,
and the fault response time was ~5 s. This result indicates that the combination of the time domain
and the frequency domain could effectively detect the running state and rapidly recognize blockage
faults with high precision.

Figure 6. Cont.
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Figure 6. Operation interface (a) time domain, (b) frequency domain and (c) statistical analysis.

4. Conclusions

In the present study, a vibration-based technique has been successfully developed for online
blockage diagnosis of hydrocyclones. The combination of wavelet denoising and discrete-time Fourier
transform techniques was utilized to determine the time domain and the frequency domain of the
acceleration amplitude. Then, both blockage diagnosis law and characteristic parameters were
comprehensively investigated. Based on this, the online monitoring system was carried out to detect
the running state and recognize blockage faults for lab-scale hydrocyclones. According to the above
results and discussion, the following conclusions were achieved:

(1) Comparison of the frequency domain with different installation location displays that the
farther away the installation location from the feed inlet the messier the frequency is.
Therefore, the most regular frequency distribution can be seen with the installation plane near to
spigot (i.e., z = −300 mm).

(2) Time domain information displays that the acceleration amplitude under blockage degree 0%, 50%
and 100% fluctuates as sine shape with increasing time, meanwhile the vibration frequency goes up
with the increase of throughput. The distribution of four dimensional and five non-dimensional
parameters for the time domain shows that with the increased blockage degree the standard
deviation decreased gradually, while the kurtosis index firstly increased and then decreased.
However, the other indicators changed irregularly. Thus, the standard deviation can be considered
to estimate the diagnosis of blockage online.

(3) Frequency domain distribution under different throughputs reveals similar trends,
i.e., the characteristic peaks of acceleration amplitude can be divided in to two parts including
the faulty frequency and multiple frequency, which were produced by the faulty blockage and
the feed pump, respectively. Hence, the faulty peak located at 16–17 Hz can be used to judge
the real-time blockage of hydrocyclones, i.e., the presence of the characteristic peak marks the
blockage and its value is proportional to the blockage degree.

(4) The application of the online monitoring system exhibits that the combination of the time domain
and the frequency domain could effectively detect the running state and rapidly recognize
blockage faults with high precision.

Based on the present work, future attempts to investigate the mechanism of feature parameters
based on the frequency domain can be conducted for the blockage diagnosis of hydrocyclones.
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Nomenclature

ϕ j,k(t) Wavelet function
WT f ( j,k) Wavelet transform of original signal
ŴT f ( j,k) Wavelet transform after denoising
f (t) Time domain signal reconstruction, g (9.81 m/s2)
fa Average time domain, g (9.81 m/s2)
s Standard deviation, g (9.81 m/s2)
f rms Root mean square value, g (9.81 m/s2)

f Mean value, g (9.81 m/s2)
| f | Rectified mean value, g (9.81 m/s2)
sk Peak index
s f Waveform index
ku Kurtosis index
c f Pulse index
cl f Margin Index
F(ω) Signal after Fourier transform, Hz
|F| Average frequency domain, Hz
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