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Electrical resistance tomography (ERT) allows to measure hydrocyclone internal
flow dynamics in situ. A dual-plane high-speed ERT system is proposed to map
two-phase distributions with varying operational parameters. Experimental re-
sults are presented in terms of air-core diameter and its size variation for various
feed flow rates and design variables. The total variation algorithm provides the
best results compared to Tikhonov and Gauss-Newton algorithms. The influence
of finite element method mesh size on air-core resolution is evaluated. High-
speed video imaging and a volume-of-fluid-based two-phase computational fluid
dynamics (CFD) model are adopted to determine the air-core size. Cross valida-
tion of air-core size and shape is performed by ERT measurements with CFD si-

mulations and high-speed video imaging.
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1 Introduction

Hydrocyclones are widely used as separators or classifiers in
chemical, environmental, and mineral processing industries to
separate solid particles from a solid-liquid suspension based
on the size of particles. A hydrocyclone works on the principle
of centrifugal sedimentation in which particles are separated
from the liquid by centrifugal force. The slurry is tangentially
injected into the hydrocyclone to develop a centrifugal force.
This force generates vortex motion to the fluid inside the hy-
drocyclone. The outer vortex, which is formed near to the wall
of the hydrocyclone, flows downward and carries coarse parti-
cles to the underflow. The inner vortex, which is formed along
the central axis, flows upward with the clean fluid or the fluid
with fine particles. Due to the formation of vortex, a low-pres-
sure region prevails along the axis. This low-pressure region is
filled by air through the underflow and the overflow orifices
from the atmosphere. Thus, the air-core is formed along the
axis of the hydrocyclone.

The air-core is one of the most important flow characteris-
tics in hydrocyclones. The stability of the cyclone is dictated by
air-core formation. Careful control of the air-core is necessary
for efficient operation. Air-core information is of high impor-
tance for design and selection of a hydrocyclone. Numerous
techniques are described in the literature for the measurement
of air-core in industrial cyclones, such as gamma ray tomogra-
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phy (GRT), electrical resistance tomography (ERT), electrical
impedance tomography (EIT), high-speed video imaging etc.

ERT is one such technique to measure the air-core and flow
visualization in situ. As the air phase has low conductivity
compared to water, air-core formation in the hydrocyclone can
be easily visualized by adopting the ERT system. It offers com-
plementary and relatively low-cost measurements in multi-
phase flow applications such as solid/liquid in hydrocyclone
flow visualization, high-speed flow imaging in slurry convey-
ing systems, and spatial concentration of the dispersed phases
in pipelines, separators, and reactors [1-6]. ERT employs
conductive sensors on the wall of the process vessel to inject
current and then sense voltage differences from which the con-
ductivity of the electrolyte inside the process vessel can be
measured by forward and inverse approaches.

Analysis of the raw data enables conversion into images by
means of a reconstruction algorithm. The reconstruction pro-
cesses have their own limitations and require careful applica-
tion to avoid misinterpretation. The reconstruction of the
images is independent of the parameters of a specific process;
it is based entirely on the results obtained from the measure-
ment and the image reconstruction algorithm. The choice of
image reconstruction algorithm is a trade-off between accuracy
of image and time required for reconstruction. Mapping of the
distribution of concentration enables calculation of the param-
eters of the fluid such as the concentration profiles. In particu-
lar, the most employed reconstruction techniques in ERT are
filtered back projection between equipotential lines (7], back
projection using a sensitivity coefficient [8], perturbation
method [9], double-constraint method [10], Newton-Raphson
method [11], and the sensitivity conjugate gradient (SCG)
method [12].
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2 Literature

The classical literature on hydrocyclones relates only rarely to
the air-core measurement, although in the 1990s some investi-
gations were performed by a number of researchers [13-16].
In particular, the mechanisms of separation and models of
fluid flow in hydrocyclone separators have been studied but
are still not completely understood. Because of their complex
nature due to high swirl and varying turbulence conditions,
the presence of an air-core interface inside the separator, and
control of the separator, one has to rely on the empirical ap-
proaches in the past [17-19]. Non-intrusive measurements
such as ERT and computational fluid dynamics (CFD) are ef-
fective techniques to understand the internal flow of the hy-
drocyclone separator. A number of researchers attempted to
characterize the hydrocyclone flow by ERT/EIT in the past
[4,5,20-24]. Williams et al. [25] and Gutiérrez et al. [26] de-
scribed the controlling of underflow discharge using ERT. They
also measured the air-core diameter and concentration profiles
for different operational parameters of hydrocyclones. Wil-
liams et al. [3] obtained air-core size and shape in a 44-mm
hydrocyclone and 150-mm LARCODEM. Cullivan and Wil-
liams [21] reported on the air-core shape obtained from EIT
and ultrasound tomography and found them consistent with
each other. Cullivan et al. [22] explained the air-core inception
mechanism through CFD and attempted validation with the
same EIT data. EIT and CFD results qualitatively were in good
agreement for the flow structure in the hydrocyclone. Bond et
al. [27] measured the air-core data at different feed pressures
using ERT in a 50-mm hydrocyclone. Wood [28] determined
the air-core data by a solid with tip in a 200-mm DSM cyclone
body. Subramanian [29] mapped air-core profiles by GRT in a
350-mm DSM cyclone body and also measured density profiles
along the radius at different axial positions. The air-core diam-
eter was estimated by a high-speed camera in a Krebs 250-mm
hydrocyclone and a 33-mm hydrocyclone [23,30]. In most of
the models applied to a cyclone, the interface that bounds the
air-core is modeled as a fixed cylindrical surface, which greatly
simplifies the problem. Due to the significant role of air-core
in the hydrocyclone, many researchers have developed theoret-
ical models to approximate the air-core radius [15,31-33]. Re-
cently, a semi-empirical model was proposed to predict the
air-core diameter at different axial locations for a hydrocyclone
operating with solids [34]. Despite the attention that the air-
core modeling has received, most of the mathematical models
above suffer from the lack of being validated against the mea-
sured air-core diameter of the hydrocyclone treating pulp and
wide range of operating conditions.

Although air-core measurements were performed success-
fully by a number of researchers as compiled in Tab. I, com-
prehensive data on air-core profiles with respect to hydrocy-
clone design parameters and operating conditions are very
limited. Air-core profiles are not compared with respect to any
alternative measurements. Only few researchers attempted to
compare the air-core diameters by GRT and high-speed camera
with theoretical CFD predictions [35, 36]. Nearly in all past re-
search on ERT the air-core shape was assessed correctly, with
low conductivity observed in the center of the hydrocyclone.
In spite of the ERT advantage in terms of its much higher scan-
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ning rate, the key challenge is to obtain sufficiently accurate defi-
nitions of phase boundaries. The spatial resolution of ERT is rel-
atively poor in comparison to other systems such as computed
X-ray tomography and magnetic resonance imaging (MRI). The
spatial resolution of the ERT is in the range of 5-10 % of the
equipment diameter. Improvement in the image reconstruction
algorithms would allow reconstructing accurately the conduc-
tivity distributions inside the two-phase flow systems.

Air-core profiles were measured by means of the fast-re-
sponse ERT system and high-speed camera. The study involves
mapping the conductivity distribution in a hydrocyclone oper-
ating mainly with water under spray discharge conditions.
ERT data analysis is performed with diverse finite element
method (FEM) meshes and different image reconstruction al-
gorithms as part of forward and inverse methods, respectively.
The air-core diameter is estimated by the measured conductiv-
ity distribution. The influence of design and operating condi-
tions of the hydrocyclone on air-core size is studied in detail.
Cross validation of air-core size by ERT measurements against
the high-speed camera and CFD simulations is attempted.

3  Methodology

3.1 ERT Experiments

The high-speed ITS 28000 two-planar ERT system used in this
work is designed based on a high-performance dual-plane ERT
system with a data acquisition speed of 1000 dual frames per
second. Planel and plane2 were situated at a distance of
0.32m and 0.215m from the bottom of the hydrocyclone. The
ERT setup contained three parts, i.e., sensors, data acquisition
system (DAS), and computer. The sensors were connected to
the conical section of the hydrocyclone as illustrated in Fig. 1.
The other end of the sensors was coupled to the DAS. The host
computer and DAS were linked through the probe. Sixteen
equally spaced electrodes (sensors) were fitted on the periph-
ery of the hydrocyclone in each plane and there are two planes
in the conical section. The rectangular-shape stainless-steel
electrodes were connected to the DAS via cables. The distance
between the two planes was 10 cm.

Before collecting the data by ERT, it was necessary to take a
reference measurement since the system works on the principle
of taking measurements and comparing these to known refer-
ence data. Initially, the hydrocyclone was filled with water by
closing the spigot and the calibration was carried out. After-
wards, the hydrocyclone was run under various process condi-
tions. The ERT system was employed to measure the voltage
drop at all electrode pairs. An adjacent electrode strategy was
used to obtain the voltage measurements. Electric current was
applied between one pair of electrodes and the resultant volt-
age differences among the remaining 13 electrode pairs were
determined by DAS. Experiments were conducted with water
in a 76-mm diameter hydrocyclone fitted with the ERT system.
The hydrocyclone dimensions are depicted in Fig. 2 a.

A scheme of the experimental setup is presented in Fig. 3. To
determine the effect of changes in pressure, spigots, and vortex
finder on the air-core diameter, 42 tests were conducted. Three
levels of spigot, six levels of inlet pressure, and two levels of
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Table 1. Summary of literature.

Entry Authors

Important parameters

Remarks

1 Williams et al. [3]
2 Bond et al. [27]
3 Williams et al. [25],

Gutierrez et al. [26]

Two planes, 16 electrodes, UMIST ERT, qualitative
image reconstruction algorithm

Eight planes, 16 electrodes, P1000ITS ERT, linear back
projection algorithm

One plane, 16 electrodes, UMIST EIT, linear back
projection algorithm

Air-core imaging in 44-mm hydrocyclone, 150-mm
LARCODEM. Qualitative air core measurement with
shape and size

Estimation of air-core diameter by parametric
reconstruction for different feed pressures of an
operating 50-mm hydrocyclone

Particle distribution and fault underflow detection in a
classifying and dewatering 44-mm cyclone

Unsteady mixing dynamics of miscible liquids studied
with different conductivities. STM provided more
accurate data compared to MSBP algorithm.

Cross-validated with CFD-predicted air-core size and

4 Wang et al. [37] One plane, 16 electrodes, P2000 ERT and 50 ms per
frame, modified sensitivity coefficient back projection
(MSBP), multi-step inverse solution (STM)

5 Cullivan et al. [22] EIT system, high-speed video imaging, ultrasound
tomography, CFD

6 Subramanian et al. [29] ~ Gamma ray tomography

7 Devullapalli et al. [30] High-speed video imaging

8 Ricard et al. [38] ITS P2000 ERT, linear back projection algorithm

9 Gamio et al. [39] ECT system, linear back projection algorithm

behavior in a 50-mm hydrocyclone

Air-core profile measurement, mapping of densities
along radial direction in a 350-mm DSM cyclone

Air-core diameter estimation in a 250-mm Krebs
hydrocyclone

Application of ERT in multiphase processes important
for pharmaceutical industries. Measurement of ERT
concentration profiles for validation of CFD results in a
mixing reactor

ECT for visualization of gas oil two-phase flows in
pressurized loops

Figure 1. ERT setup with hydrocyclone rig.

vortex finder diameter variations were considered in the test
matrix. The range of variables used in the experiments is given
in Tab.2. For a given feed pressure condition, the mass flow
rate was calculated by collecting the overflow and underflow
flow rates simultaneously for 10 s which was repeated for three
times in order to get the average data.
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3.2 High-Speed Video Imaging

An alternative method, the image processing
technique was used to measure the air-core
size for an operating cyclone. A digital cam-
era, having 14.1 mega pixel resolutions with
10X optical zoom (a Sony-G lens) at 30 fps
at 1280 x 720 pixels was adopted for air-core
visualization. A total of minimum 10 sec-
onds (nearly 300 frames) air-core recorded
video is converted into a number of images.
Nearly 30 images are averaged (per sec basis)
to analyze air-core occupied diameters. The
averaged air-core diameter and its associated
standard deviations were reported. This data
is used to cross validate the air-core data
obtained from ERT and CFD.

3.3 CFD Modeling

To validate the ERT air-core data, the two-

phase (water-air) CFD studies were also
carried in the same 3-inch hydrocyclone. ANSYS’s ICEM was
employed for creating geometry, meshing, and applying ap-
propriate boundary conditions. Grid independence is tested
and a 3D body-fitted grid with 156 600 nodes is used for simu-
lations. The mesh used for the simulation is displayed in
Fig.2 1 b. The CFD model uses volume-of-fluid (VOF) for re-
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Figure 2. (a) Scheme of a 3-inch hydrocyclone; (b) mesh used
for the simulations.
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Figure 3. Hydrocyclone process flow diagram.
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Table 2. Range of variable conditions used in the experimental
study.

Variable Variation range
Cyclone diameter 76 mm
Inlet diameter 45 mm

Vortex finder diameter 18,25 mm

Spigot diameter 10, 12.5, 15, 20 mm

Pressure 5, 10, 15, 20, 25, 30 psi
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solving the air-water interface and large eddy simulation (LES)
for turbulence modeling. A number of simulations were per-
formed with the commercial software FLUENT. The CFD
strategy for simulating the air-core in the hydrocyclone is simi-
lar to Narasimha et al. [40]. Initially, simulations were set up
to obtain convergence data for the water case. An air-core was
then allowed to develop by setting the backflow air volume
fraction to unity for the overflow and underflow boundary
conditions. After the air-core was fully formed, the mean vol-
ume fraction of air was extracted from unsteady state statistics
at plane 1 and plane 2.

4 Results and Discussion

4.1 ERT Data Analysis

Image reconstruction is one of the most important and diffi-
cult part of ERT data analysis. In this work, different FEM
mesh sizes were used as part of the forward solution and the
three reconstruction algorithms were adopted as part of in-
verse solution of ERT data. Raw data extracted from the ITS
ERT tool site software served as input for reconstruction algo-
rithms. The three identified reconstruction algorithms were
Gauss-Newton (GN)-one step, Tikhonov regularization matrix
(TRM), and total variation (TV). The GN-one step algorithm
[41] is an improved method over the linear-back projection al-
gorithm. In the TRM method [42], the calibrated voltage data
is incorporated into the algorithm from which the solution is
obtained for the measured air-core data. TV regularization is
one technique to permit image regularization without impos-
ing smoothing [43]. To avoid the smoothing for process imag-
ing, the TV technique is recommended.

Data analysis is performed using the specific data set of a cy-
clone operating at 15 psi pressure, 20 mm diameter of spigot,
and 25 mm diameter of vortex finder. The number of frames
collected by means of the ERT system is nearly 3000, roughly
at about 6-8s of operation. Fig.4 presents the obtained ERT
system voltage measurements, reference voltage measurements,
and relative changes between the reference and actual measure-
ments. The horizontal axis denotes the pair of different elec-
trode measurements from 1 to 13. This display is often used to
know whether the system is operating with minimal noise or
not. The working ERT system has two planes, so the graph is
indicating the measurements for two planes. The average data
of these frames is used to extract the raw voltage measurement.
These average voltages are given as an input file for the MA-
TLAB program which is built with various FEM meshes and
reconstruction algorithms [44].

4.1.1 Mesh Quality Effect on Air-Core Resolution

Voltages generated from averaging the collected frames are em-
ployed to get the conductivity distribution for the different
mesh types. Various mesh sizes from very coarse to fine quality
are used for calculation of conductivity and voltages by the
FEM technique as part of the forward solution. The conductiv-
ity tomograms obtained for different mesh sizes and GN-one

Chem. Eng. Technol. 2014, 37, No. 5, 1-12
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Figure 4. ERT voltage measurements at two planes in the conical section of the cyclone.

step algorithm are depicted in Fig.5. From the reconstructed
images one can observe that a coarse mesh of 256 elements ex-
hibits a high numerical diffusive nature compared to other
mesh sizes. For a mesh size of 2304 elements onwards, the to-
mograms indicate the minimal diffusive nature of conductiv-
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ity. Therefore, the M2304 mesh (M indicates mesh and the
number 2304 denotes the total number of elements used in
that mesh) is identified as the optimal FEM mesh, which mini-
mizes the numerical diffusion of conductivity distributions.
The conductivity plots across the radial position of plane2 in

3
%
[+
8
®

Figure 5. Conductivity profiles for different mesh sizes. (a) Averaged radial distribution; (b) reconstructed tomograms using GN-one step
algorithm for a cyclone operating at 15 psi pressure, 20 mm spigot, and 25 mm vortex finder.
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the hydrocyclone are plotted for various mesh sizes. It is found
that the diffusive nature of conductivity is low for the fine
mesh when compared to the coarse mesh. Consequently, by in-
creasing the mesh size, the numerical diffusive nature of the
conductivity decreases.

4.1.2 Effect of Image Reconstruction Algorithm

GN-one step, Tikhonov regularization, and TV image recon-
struction algorithms are applied to get the conductivity tomo-
grams from the surface voltages. The comparison of these
algorithms is made with the specific data set of a cyclone oper-
ating at 15 psi pressure, 20 mm diameter of spigot, and 25 mm
diameter of vortex finder by adopting the optimal mesh size
(M2304). The conductivity tomograms are plotted in Fig.6a
for these three different image reconstruction algorithms. The
obtained tomographic image from the ITS tool, in which the
modified sensitivity back projection (MSBP) algorithm is
applied, is also displayed in Fig. 6 a. The conductivity distribu-
tion across the radial position of plane 2 is indicated in Fig.6b
for these image reconstruction algorithms. The conductivity
profiles are plotted along the center axis of the plane. It is
observed that the TV and Tikhonov regularization algorithms
are calculating the improved conductivity profiles in nature
compared to the GN-one step algorithm.

The TV and Tikhonov algorithms based reconstruction data
indicate a step change of conductivity distribution for the
water-air system as expected in the hydrocyclone, whereas the
GN-one step and MSBP are producing the very diffusive na-
ture conductivity profiles. The high-speed digital camera mea-
surements show a sharp boundary between the air-water
phases which is clearly observed with the TV and Tikhonov al-
gorithms. The ERT data analyzed using the mesh size of mini-
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mum >2000 elements and the TV or Tikhonov algorithms
would be able to resolve the air-core interface correctly with
water in a hydrocyclone. This ERT method analysis is adopted
for all the cases of hydrocyclone ERT experiments. A para-
metric study of air-core profiles is attempted in the following
work.

4.2 Estimation of Air-Core Size

Traditionally, the pixel-based image reconstruction from ERT
measurements is a well-known problem. An alternative ap-
proach is required to get quantitative information from the
ERT measurements. Such an approach is used here as para-
metric modeling. The conductivity profile within the fluid is
modeled with a quadratic function requiring three parameters
[24]. The air-core radius can be calculated using parametric
modeling according to the following equation:

o(r)=a+b(3r=2)+c(10*-127+3) (1)
where ¢ is the conductivity, a, b, and ¢ are parameters, and r is
the position between the air-core and the boundary such that
0 corresponds to the air-core boundary and 1 to the wall of the
hydrocyclone. Thus, the system was defined by four parame-
ters including air-core radius and the other three are terms a,
b, and c of the quadratic Eq. (1). The best fit to the measure-
ments was calculated with the least squares metric technique.
The primary reason for parametric modeling is the interpreta-
tion of the air-water interface position. The obtained air-core
diameter from the parametric modeling and corresponding
conductivity tomograms for the case of 12.5 mm spigot diame-
ter and 25 mm vortex finder diameter are presented in Figs.7
and 8.

-5
Radius, mm

Figure 6. Conductivity profiles of (a) reconstructed tomograms, (b) averaged radial distribution using different algorithms for a cyclone
operating at 15 psi pressure, 20 mm spigot, and 25 mm vortex finder.
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The ERT conductivity tomograms
reconstructed by three algorithms data
for 12.5mm spigot and 25 vortex fin-
der of the cyclone operating at various
pressures are displayed in Fig.7. Com-
pared to GN and TR algorithms, the
TV algorithm-based conductivity data
minimizes the numerical diffusive zone
at all operating feed pressures. The
same trend can be observed in Fig. 8 in
terms of the estimated air-core diame-
ters. GN-based ERT data overestimates
the air-core sizes. Fig.8 includes the
measured air-core diameter from the
high-speed digital camera at the same
height. The change in air-core diame-
ter with respect to the pressure is
observed considering all measurement
techniques.

4.3 Effect of Feed Pressure on
Air-Core Size

In general, increasing the feed flow rate
or inlet pressure causes a higher maxi-
mum tangential velocity (accounting
for the increase of kinetic energy) in a
given cyclone, which in turn leads to a
decrease in the pressure at the hydrocy-
clone axis near the spigot. If the pres-
sure is lowered near the spigot zone,
the air can be easier sucked in through
the bottom of the cyclone. Hence, the
air-core diameter increases with inlet
pressure as demonstrated by the ERT
tomograms in Fig. 9.

The radial conductivity distribution
for a 76-mm cyclone with 15 mm spi-
got diameter under different feed pres-
sures is depicted in Fig.10a. This dis-
tribution was used to estimate the air-
core diameter of the hydrocyclone by
parametric modeling. The estimated
air-core profiles are presented in
Fig.10b for various spigots operating
at different pressures.

The air-core diameter increases with
higher pressure up to a certain limit
which is in accordance to the theory.
Increasing the pressure above this criti-
cal value leads to a decrease in the air-
core diameter. This is also observed
based on the data of the high-speed
digital camera. The decline trend
might be due to the air-phase com-
pression or increased slip between the
water-air interfaces.

Chem. Eng. Technol. 2014, 37, No. 5, 1-12
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4.4 Effect of Spigot on Air-Core Size

As the spigot diameter increases, the low-pressure region of
occupied area also becomes larger and a rise in the tangential
velocity is observed. Because of the higher tangential velocity,
the fluid flows towards the wall, resulting in more pressure
drops in the central zone. Consequently, more air passes into
the hydrocyclone from both orifices (underflow and overflow)
which are exposed to the atmosphere.

The conductivity tomographic variation of the air-core diam-
eter for different spigot diameters is also illustrated in Fig.9.
Fig. 10b presents the estimated air-core profiles for various
spigot diameters. With larger spigot diameter the air-core diam-
eter increases in accordance to the theoretical trend. Variation of
the air-core diameter with relation to the inlet pressure is not
significantly differing with large spigot diameters, whereas it is
very sensitive to feed pressure changes at smaller spigot diame-
ters.
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4.5 Validation of ERT Data

To validate the ERT air-core data, two-phase (water-air) CFD
studies and high-speed digital camera measurements were car-
ried out for the 3-inch hydrocyclone. The computations were
performed for a spigot diameter of 10, 12.5, 15 mm at different
feed velocities. The mass fluxes for each feed velocity condition
were predicted using the reports option in FLUENT software.
Mass flow rates at the inlet and two outlets were predicted and
water spilt to underflow was calculated. The calculated water
spilt to underflow was compared with experimental results.
The water spilt to underflow for 12.5 mm spigot diameter of a
76-mm hydrocyclone is displayed in Fig. 11 a. It decreased with
increasing feed velocity. The mean volume fraction of air along
the axial position of the hydrocyclone is depicted as contour
plot in Fig. 11b.

The mean volume fraction of water at plane 2 of the ERT sys-
tem and predicted CFD air volume contour at 21.5 mm from the
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Figure 11. (a) Water spilt ratio obtained from experiments and CFD predictions; (b) simulated air-core profile.
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bottom of the hydrocyclone are presented in Fig. 12. From these
contours it follows that air-core formation occurred at the cen-
tral part along the axial position of the hydrocyclone.

The air-core diameter obtained from parametric modeling
for 12.5 and 15 mm spigot diameters and 25 mm vortex finder
diameter of a given hydrocyclone is compared with the results
from the high-speed camera in Fig. 13. These results are also
compared with the CFD technique. The change in air-core di-
ameter with respect to the pressure is obvious in all measure-
ment techniques.

The CFD results are following the same trend as the findings
obtained with the digital camera. The percentage of error of
the air-core diameter was calculated for ERT data with the air-
core diameter obtained from the digital camera experiments
and also for CFD data related to the same high-speed camera
data. The maximum error was 44 % for CFD data in case of es-
timating the air-core diameter at 30 psi feed pressure and for
15 mm spigot diameter and 25 mm vortex finder diameter of a
76-mm hydrocyclone. The minimum error was 0.388 % for
25 psi feed pressure for 10 mm spigot diameter and 25 mm vor-
tex finder diameter of a 76-mm hydrocyclone. The average
errors of the air-core diameter estimated between the CFD data

a)

plane 2 of ERT (21.5 mm from bottom).

b)
’ ‘ I0015
- {-0.03
l ‘ 007
012

Figure 12. (a) Predicted mean volume fraction of water contour by CFD; (b) con-
ductivity tomogram by ERT for 12.5mm spigot of a 76-mm hydrocyclone at

and the digital camera data for 10, 12.5, and 15 mm spigot diam-
eters were 8.2 %, 19.76 %, and 15.38 %, respectively. Tab. 3 com-
pares the air-core diameters using ERT, HSV, and CFD.

In the same way the percentage of standard error in estimat-
ing the air-core diameter with ERT data was calculated with
respect to the high-speed camera data. For different feed pres-
sures with 12.5mm and 15 mm spigot diameters of a 76-mm
hydrocyclone the percentage error of the air-core diameter for
ERT with respect to the HSC data was determined. The average
percentage of standard error for 12.5, 15, and 20 mm spigot
diameters calculated for ERT data against the digital camera
data were 6.7 %, 13.53 %, and 9.72 %, respectively.

5 Multiphase Flow Measurements

Most of the scarce ERT literature on multiphase flow predic-
tions is related to two-phase flow measurements but there are
few works reporting on industrial multiphase flows. Ricard
et al. [38] studied the effect of impeller speed, feed solids addi-
tion, and amount of settling product on the base of the mixing
reactor to the formation of paracetamol using ERT. They also
validated the CFD results with the experimentally
calculated ERT values. Gamio [39] applied ECT to
visualize gas oil two-phase flows in pressurized
loops and observed different flow regimes through
ECT images.

Similarly, ERT can be employed to measure the
concentration profiles inside a hydrocyclone using
the predicted conductivity values by Maxwell’s
equations [45]. These profiles can be further taken
to validate CFD results. The authors made an
attempt to extend this method for hydrocyclones
operated with solids. ERT conductivity profiles
were extracted at two different pressures for water
only and 10wt% slurry with a 15-mm spigot
(Fig. 14a). The multiphase air-core behavior was
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Figure 13. Comparison of air-core diameter determined by HSC algorithm, ERT-TV algorithm, and CFD technique for (a) 12.5 mm spigot,

(b) 15 mm spigot of a 76-mm hydrocyclone.
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Table 3. Cross validation of air-core diameters.
Air core diameter [mm]

Spigot [mm] Vortex finder [mm] Pressure [psi) CFD predicted HSV measured ERT measured

5 10.763 7.093 -

10 11.385 9.268 8.2

15 10.942 9.669 10.014
125 2 20 12.316 10.728 11.309

25 12.123 11.435 11.988

30 11.367 10.318 11.619

5 11.438 9.749 10.583

10 12.371 10.483 11.335

15 13.149 12.482 12.216
15 2 20 12.838 13.387 13.408

25 12.501 12.9331 13.123

30 11.619 12.613 12.812
found to be similar to the two-phase air-core except the size. played qualitatively in Fig. 14b. As the feed solids concentra-
The air-core size was reduced with an increase in the feed sol- tion increases, the amount of water present near the wall
ids concentration. Low conductivity values were observed near reduces and becomes higher around the air-core. This signifies
the air-core and wall sections, indicating a higher solid particle that more solid particles are present at the wall section. There-
concentration. CFD predictions of air-core at different feed fore, ERT measurements indicate low conductivity near the
solids concentration along with the water only case are dis- walls (Fig. 14 a, 10 wt % solids case).
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Figure 14. (a) Comparison of air-core diameter variation for only water and feed slurry at two feed pressures by ERT; (b) variation of air-
core diameter at different feed solids concentrations using CFD.
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6 Conclusions

The measurement of two-phase distributions was mapped by a
dual-plane high-speed ERT system. Experiments were carried
out in a 76-mm hydrocyclone and the results were presented
in terms of the air-core diameter and its size variation for dif-
ferent feed flow rates and design variables. The tomographic
images were created through the forward FEM solution and
inverse reconstruction algorithms. GN-one step, Tikhonov reg-
ularization, and TV image reconstruction algorithms were ap-
plied to obtain conductivity tomograms from the raw surface
voltages. Air-core profiles from the conductivity distributions
were estimated by a parametric modeling approach. ERT con-
firmed that the air-core diameter increases with higher feed
flow rate and larger spigot diameter of the operating cyclone.
In order to compare the reliability of the ERT measurements,
the same cyclone geometry was used for simulating the air-
core by CFD. A VOF two-phase model coupled with an LES
turbulence model enabled simulation of the air-core within
the cyclone. A series of CFD simulations were run together
with ERT measurements. Additional validation was performed
with digital camera-based air-core diameters. The estimated
ERT data were compared with CFD mean air-core profiles.
The ERT data exhibit a maximum error of 20 % in comparison
to CFD data and of 14 % with respect to the digital camera
data. The air-core size measurement for a cyclone operating
with 10 wt % slurry at two inlet pressures is assessed qualita-
tively against the CFD predictions.

The authors have declared no conflict of interest.
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Research Article: The air-core is one of
the most important flow characteristics
in hydrocyclones. Air-core profiles were
measured by a dual-plane fast-response
electrical resistance tomography system
and high-speed camera. The influence of
design and operating conditions of the
hydrocyclone on air-core size is studied.
Three reconstruction algorithms were
adopted. Results are validated against
I simulations and camera data.
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