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The present work describes the isolated and combined effects of two internal components – swirl vanes
and a vortex stabilizer – on the properties of the flow inside a particular type of gas–liquid cyclonic sep-
arator. These elements play an important role in the optimization of the catch efficiency of the gas and
liquid phases but may otherwise result in a large increase in pressure drop. It is shown that the vanes
and the vortex stabilizer have a considerable influence on the position of the center of rotation of the
flow, which clearly does not coincide with the geometric center of the cyclone. Here, an experimental
study investigates the velocity field and the resulting pressure drop inside the cyclone to account for
the individual effects caused by the two internal components. Particle Image Velocimetry is used to char-
acterize the mean velocity field and the precession of the vortex core (PVC). For the different geometrical
configurations discussed in the present work, the influence of the swirl vanes was always beneficial to
reduce the residence time and thus decrease the pressure drop across the cyclonic separator. The present
work also introduces a method for the assessment of the PVC frequency of a confined swirling flow for
low frequency 2D-PIV measurements.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The separation of bubbles, drops or particles from a multiphase
flow stream is a ubiquitous problem in industrial applications. In
view of the ever growing rules on worldwide environmental pro-
tection, industries may be severely exposed to financial penalties
on such common events as the discharge of contaminated water
or flared gas. From this standpoint, there exists an urgent need
for the development of very efficient in-line separation technology.

A second constraint often encountered in applications is the
limited room in which separators must be installed. Since these
devices frequently need to be fitted to existing facilities, size is
commonly a great concern. A typical example is provided by the
oil industry. As the life of a production well increases, an ever
greater cut of water is normally produced, which needs to be sep-
arated and discarded. Any installed primary separation system is
then increasingly demanded, implying that upgrades need to be
implemented many times.

Most often, large vessels are used as gravity separators. The dif-
ficulty is that the size and weight of these separators demand high
costs and large spaces in processing facilities, especially on off-
shore structures. Gravity-driven separation implies time-
consuming processes and limited production targets. The recent
trend is that these vessels are progressively replaced by compact
separation systems assembled from inclined pipes (junction flows),
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Nomenclature

b Swirling blades height [mm]
c Vertical blades length [mm]
e Cone base length [mm]
f Closing cone height [mm]
g Baffles height [mm]
h Vortex finder length [mm]
l Characteristic cyclone length [mm]
m Gap between baffles [mm]
r Radial distance [mm]
z Axial distance [mm]
A Configuration without internals
B Configuration with Chinese hat element
C Configuration with swirl vanes element
D Configuration with all elements
D Cyclone diameter [mm]
H Total height of cyclone [mm]
L Height of the Chinese hat element [mm]
R Cyclone radius [mm]
St Stokes number
X;Y Cartesian coordinate system
Y 0 Relative coordinate
Ds Displacement magnitude [mm]
DP Pressure drop
PD Percentage deviation
Std Standard deviation
CV Variation coefficient

Eu Euler number
Re Reynolds number
Sg Geometrical swirl number
Uin Inlet mean velocity ms�1

� �
Vr Radial mean velocity ms�1

� �
Vt Tangential mean velocity ms�1

� �
Vz Axial mean velocity ms�1

� �
Qg Gas flow rate m3h�1

h i
db Baffles diameter [mm]
din Inlet diameter [mm]
dvf Vortex finder diameter [mm]
t Time [s]
f pvc PVC frequency s�1

� �
xc; yc Vortex core center position [mm]
q Density kg m�3

� �
l Viscosity m2s

� �
f Dummy variable
b Vortex core rotation angle [rad]
bpred Assessment angle [rad]
/ Normalized parameter

Subscripts
f Fluid
p Particle
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swirl pipes, cyclones or their combination (Kremleva et al., 2010;
Austrheim et al., 2008). The advantages of cyclonic separators are
their low cost and weight, no moving parts, low pressure drop,
low maintenance, simple installation and operation. As cyclones
can deal with large flow rates and small residence times, produc-
tion can be increased proportionately to the separation capacity.

An important feature for the design of cyclones aimed at the oil
industry is the requirement that they should be capable of
accounting for large changes in the flow rates and phase fractions
throughout the operational life of a well. All geometrical parame-
ters must then be specified so that separators are able to provide
optimum separation efficiency across a large interval of opera-
tional conditions.

Important geometrical parameters for the design of a reverse
flow cyclone separator include (i) the inlet area and angle, (ii) sin-
gle or double inlet arrangements, (iii) the relation between the
main body diameter and its length, (iv) vortex finder diameter
and length and (v) cone angle (in case a conic section is used). A
successful design is judged on some performance parameters, such
as the separation efficiency and the pressure drop. Unfortunately,
the very complex flow inside a cyclone separator implies that cor-
rectly predicting its performance is not a simple task. The inlet
fluid mixtures may be difficult to characterize and small changes
in the geometry of the inlet, main body, or internal components,
can have a significant impact on the local flow field and turbulence
levels, which, in turn, affect the pressure drop and the separation
efficiency. Despite the vast literature on this subject, few papers
provide a comprehensive experimental characterization of the
mean and turbulent velocity fields inside cyclone separators with
internal components.

The purpose of the present work is to investigate the flow
dynamics and pressure drop for a reverse flow cylindrical cyclone
with two elements (Fig. 1): a swirl blade section and a conical bot-
tom plate. Four distinct geometric configurations are studied for
2

three different inlet flow conditions. The four configurations per-
mit the isolated effects of the internals to be independently
assessed, clearly revealing their particular advantages and draw-
backs and how their combinations can be beneficial to flow phase
separation.

Particle Image Velocimetry (PIV) is used to assess the mean
velocity fields in the phase separation region. One key element to
the present investigation is the determination of the center of flow
rotation. Through PIV, this can be made in two ways: (i) all the
instantaneous velocity fields are averaged so that the averaged
center of rotation can be evaluated from the mean velocity fields,
or (ii) the center of rotation of every instantaneous velocity field
is calculated and the averaged value is then evaluated. Here, both
procedures are carried out and compared. The latter approach per-
mits the assessment of the precession frequency of the vortex core.

The evaluation of the center of rotation of the flow is not a sim-
ple matter for PIV measurements and for this reason the discussion
is detailed in an appendix. On swirling flows the seeding particles
often skip the center of the vortex core, creating a region of
particle-lacking area (PLA) that increases as the swirl intensity
increases.

The cyclone investigated in the present work is illustrated in
Fig. 1. This equipment is frequently used in processing plants
where gas demisting is required under conditions of high gas flow
rates and high liquid removal efficiency (98 to 99%). In addition to
these two features, the equipment is very compact, has a high turn-
down ratio (factor of 3), is suitable for services with slightly fouling
and can handle slug flows. The gas–liquid mixture enters the cylin-
drical body through a tangential inlet, which imposes flow rotation
around the vortex finder. The helical blades of the swirl section
direct the flow downwards. The vanes increase the axial velocity
component, reduce the residence time and favor a decrease in
pressure drop. This section, however, decreases the tangential
velocity component and normally the separation efficiency. The
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Fig. 1. Reverse flow cyclone with internals. Cyclone geometry: a) relevant geometrical parameters and photographs of the b) swirl blades and c) Chinese hat (conical plate).
l = (115 mm) is a fixed length, which does not change in the absence of the Chinese hat.
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vortex finder is fitted externally with two thin conical baffles to
minimize liquid drop carry over. The baffles also reduce any
short-cut flows connecting the tangential inlet flow to the gas out-
let flow. The swirl effect directs the denser fluid to the cylindrical
wall and onto the lower portion of the separator toward the liquid
outlet. The separated gas reverses direction and flows upwards
through the center part of cyclone to the vortex finder.

The conical plate element (Chinese hat) is illustrated in Fig. 1.
The Chinese hat reduces the contact between the gas vortex core
and the liquid phase; its diameter is slightly shorter than the inter-
nal diameter of the cylinder, so that the falling liquid film on the
vertical wall can flow downstream undisturbed. The liquid level
is typically maintainedmidway through the height of four support-
ing legs. The legs are such arranged as to break the swirl motion of
the liquid as it flows downwards, acting as a counter-rotation ele-
ment. The primary role of the Chinese hat is to stabilize the flow
and prevent separated liquid from returning to the main gas
stream.

Single-phase flow experiments were performed for a first
assessment of the influence of the swirl blades and the Chinese
hat on the velocity field and pressure drop across the cyclone sep-
arator. The swirl vanes increase the axial velocity, reduce the resi-
dence time and the global pressure drop. For the different
configurations investigated, the influence of the rotation section
is shown to be consistently beneficial.
2. Brief literature review

Tangential inlet and vanes have not often been used in industry
to promote centrifugal phase separation (gas–liquid and liquid–
liquid). The main advantage resulting from their combination –
as shown in Fig. 1 – is a substantial reduction in the pressure drop
across the separator.

The present brief literature review aims at illustrating some of
the typical features of cyclones with tangential inlet, their experi-
mental characterization, recent improvements (inlet angle, vortex
3

finder design) and numerical simulation. Alternative concepts for
centrifugal phase separation have been introduced in literature
with a view to reduce space and offer different flow inlet options,
but these are not the subject of the present work. For example,
tubes fitted with internal vanes have been optimized over the last
few years to be used in the phase separation of liquid–liquid, gas–
liquid and gas–solid mixtures.

The early works, in general, to study the flow inside a cyclone
resorted to Pitot tubes and flow visualization techniques based
on smoke and stroboscopic light (Ter Linden, 1949; Smith, 1962).
Since the nineties, non-intrusive techniques such as Laser-
Doppler Velocimetry (LDV) and Particle Image Velocimetry (PIV)
started to be used (Monredon et al., 1992; Peng et al., 2001;
Bergström and Vomhoff, 2007).

Van Campen and co-workers (van Campen et al., 2012) per-
formed experiments (LDA and electrical conductivity) and numer-
ical simulations (RSM-SSG) in a tube with an axial swirl element to
assess the overall efficiency of the separator. The experimental
characterization of the flow in in-line separators is difficult since
the process occurs in a very short time and conventional multi-
phase sensors typically do not work properly under this condition.
Sahovic and collaborators (Sahovic et al., 2020) proposed an inno-
vative concept to control in-line fluid separation through electrical
tomography and wire-mesh sensors, fast and massive data pro-
cessing and appropriate process control strategy. Flow in tubes
with a tangential inlet was numerically studied (LES simulations)
by Derksen (Derksen, 2005) with a view to investigate evading
flow features including vortex breakdown, laminarization of the
vortex core and the extreme sensitivity of the mean velocity pro-
files in the tube to the exit pipe diameter.

The combination of a tangential inlet and vanes was investi-
gated by Zhou and collaborators (Zhou et al., 2018). The geometry
studied in this work is similar to the present one, but not often dis-
cussed in literature. Experiments and numerical simulations were
performed for four distinct configurations. The vanes were shown
to considerably influence the flow features. The study suggests that
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there exists a critical value for the number of spirals below or
above which there is a marked increase in collection efficiency,
pressure drop and tangential velocity.

Some previous contributions particularly discussed the present
geometry (Nanninga et al., 2001; Janssen and Betting, 2006). These
studies, however, were mainly concerned with catch efficiency and
pressure losses and no results on local parameters were presented.

The influence of the vortex finder diameter on the flow field
inside a reverse flow gas cyclone separator was investigated by
Hoekstra and co-workers Hoekstra et al. (1999). Experimental data
obtained through laser-Doppler anemometry were used to validate
RANS numerical predictions. The j� � and RNG-j� � models
were considered unsuitable for a good prediction of cyclonic flows,
as unrealistic axial and tangential velocity distributions were
obtained. Predictions provided through RSM-models furnished a
better agreement with the experimental data. The work showed
that a decrease in the vortex finder diameter reduced the vortex
core size and increased the maximum tangential velocity. The
influence of a vortex stabilizer, positioned at the base of the
cyclone, was also investigated by the authors. The stabilizer
reduces re-entrainment of particles from the collection hopper
and inhibits axial flow reversal near the cyclone axis. The authors
mention that this effect is limited to the flow in the lower region
of the separation zone. This vortex stabilizer has the same purpose
of the Chinese hat investigated in the present work, but with a dif-
ferent geometry.

A new design of vortex finder with a view to increase efficiency
and reduce pressure drop in a swirl tube separator was investi-
gated by Li and collaborators Li et al. (2015). The studied vortex
finder was conical and slotted off the side wall. The velocity field
was measured through a Pitot tube. The authors mention that
the slotted vortex finder acts as a pre-separation step, increasing
the particle collection efficiency and reducing the pressure drop
by 30%. As explained, a portion of the fluid enters through the slots,
thus reducing the occurrence of short circuit of particles from the
entrance to the vortex finder and, as the fluid velocity decreases,
the pressure drop follows the same trend.

An experimental study of gas–liquid flows inside tangential
inlet cylinder cyclones was conducted by Bandyopadhyay and
Gad-el Hak (1996). The work focused on the sensitivity of the
gas-core configurations to two parameters: i) the relative angle
between the tangential inlet and the outlet and ii) the ratio of
length to diameter of the cylinder. Using flow visualization, the
work identified eight types of core patterns, which were classified
between two basic modes: straight and helical-spiral. The authors
presented a kinematic model to explain the observed changes in
the vortex core. The effects of liquid flow rate variation and drop
diameter at the entrance were also studied.

Focusing on the role of the internals, Austrheim and co-workers
Austrheim et al. (2008) discussed possible improvements in the
design of gas scrubbers, which are typically used for large gas to
liquid ratios. The investigated configurations consisted of different
types of separation equipment arranged in series. The influence of
a vane-type inlet, a mist mat and a cyclone deck were investigated.
Experiments were conducted for gas–liquid inlet flows, using
water and oil as the liquid phase. The work also discussed an
empirically quantified factor known as the Sounders-Brown value.
The flow velocity field was not investigated.

Despite the great deal of information that can be obtained
through global flow field characterization, few works in literature
used PIV to investigate swirling flows inside cyclones. Stereoscopic
PIV was used by Liu and co-authors Liu et al. (2006) to study the
cylindrical and conical separation zones as well as the dust hopper
area. The authors concluded that the inlet gas velocity does not
exert a significant impact on the flow patterns in the cyclone.
Results indicate that separated particles may eventually be re-
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entrained into the cyclone from the dust bin degrading its separa-
tion efficiency.

The limitations of numerical simulations to investigate and pro-
vide answers to complex industrial cyclonic flows are discussed in
Derksen and Van den Akker (2000). In particular, for moderate and
large Reynolds numbers, the broadband spectra of turbulence
means that the length and time scales cannot be numerically fully
resolved, so that some expected flow information may be difficult
to obtain. Derksen and Van den Akker (2000) resorted to large eddy
simulation (LES) and a lattice-Boltzmann discretization of the
Navier–Stokes equation to investigate single phase flow inside a
reverse-flow cylinder cyclone. By doing this, the authors managed
to achieve sufficiently high spatial and temporal resolution to ade-
quately resolve the precession of the vortex core phenomena.
Numerical results were compared with the experimental data of
Hoekstra and co-workers Hoekstra et al. (1999). The authors
observed a short-cut flow from the inlet to the vortex finder.

The influence of the inlet angle on the flow pattern and on the
pressure drop was investigated by Misiulia and co-authors Misiulia
et al. (2015) through LES with closure provided by the dynamic
Smagorinsky-Lilly subgrid-scale model. The inlet angles varied
between 7 and 25�. Cyclones with helical-roof inlets were com-
pared with tangential-inlets cyclones. The authors concluded that
increasing the inlet angle reduces the axial velocity and increases
the maximum radial velocity under the vortex finder. This effect
shows a negative impact on the overall collection efficiency. The
differences in geometry of the ten investigated cyclones were char-
acterized by means of the geometrical swirl number, which
expresses a measure of the ratio of the tangential to axial
momentum.

RANS-RSM was used to simulate the gas flow fields inside
cyclones with different inlet section angles (Qian and Zhang,
2007). The authors discussed the intricate relations between the
inlet angle and the pressure drop, the tangential velocity field
and the separation performance of the cyclone. In particular, the
authors varied the vortex finder depth to investigate the influence
of the inlet angle and the short-cut flow from the entrance to the
vortex finder. The separation efficiency was shown to be influenced
not only by the inlet angle but also by the vortex finder diameter
and depth. The work showed that an inlet angle of 45� decreases
the pressure drop up to 30%.

The swirl flow inside a cylinder cyclone was investigated by
Hreiz and collaborators (Hreiz et al., 2011) through commercially
available computational fluid dynamics codes. The work compares
the performance of RANS simulations with LES and their limita-
tions. The authors showed that for a single inlet separator the real-
izable j� � model furnished the best results for predictions of the
velocity profiles. The level of turbulent kinetic energy was underes-
timated by both LES and RANS simulations. The work showed that
a rectangular inlet reduces the vortex warping and increases the
angular momentum in comparison to a circular inlet.

No study was found in the literature which provided local
experimental or numerical data for the specific geometry of
cyclone investigated in the present work.
3. Experiments

3.1. Experimental apparatus

The experimental apparatus was designed to operate with
either single or two-phase gas–liquid flows. In the present study,
the primary objective is to characterize the single phase flow
dynamics inside the cyclone shown in Fig. 1 through optical tech-
niques. For this reason, only single phase flow experiments were
carried on.



Fig. 3. Location of pressure taps, coordinate system (r,z) definition and 2D PIV set-
up. Camera arrangement for measurements at 1) axial plane and 2) cross section
plane.
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A diagram of the test bench is shown in Fig. 2. The air-
compressor is equipped with a drying and storage system and is
set to work at a pressure of 10 bar, which is enough to supply a
maximum flow rate of 150 m3h�1 at standard conditions. A cali-
brated pressure transducer and a calibrated vortex flow meter
allow the measurement of the air flow rate at the entrance line
of the separator with an overall uncertainty of 4% of the reading.

For the PIV measurements, the tracer particles are injected in
the flow through an atomizer manufactured by the Spraying Sys-
tem Company. Compressed air is used to actuate the atomizer
and keep the tiny generated particles in suspension. A mixing
chamber (see Fig. 2) is directly connected to the inlet pipe to blend
the suspended particles with the main stream and retain, by grav-
ity effects, the largest drops.

Pressure taps are fitted to the gas inlet and outlet pipes to mea-
sure the overall pressure drop in the cyclone. The differential pres-
sure transducer is a calibrated Endress-Hauser equipment, model
PMD75. Calibration was performed by comparing the digitized
pressure signal with results provided by a reference water column
manometer. The calibration curve showed a linear behavior and
the maximum overall uncertainty was lower than 0.6% of the read-
ing. The locations of the pressure taps are shown in Fig. 3. Four
pressure taps are symmetrically distributed at a same cross plane
on the top of the vortex finder. They are used to assess the average
radial pressure gradient value of the swirling flow. In the inlet pipe
flow, just one pressure tap is used. In the present investigation, the
gas outlet remains open to the atmosphere and the liquid outlet is
shut.

3.2. Cyclone geometry and tested configurations

The prototype of the separator was made of acrylic as to permit
the use of non-intrusive optical measurement techniques. Most of
the dimensions of the separator are shown in Fig. 1. The main geo-
metrical details are discussed next.

The separator has a 50 mm ID tangential inlet (din) that is
directly connected to the inlet pipe shown in Fig. 2. The vortex fin-
der has the same inner diameter as the inlet pipe (dvf = din) and is
380 mm in height. The vortex finder is externally fitted with two
conical baffles, one at the inlet section and another at position
z = 50 mm (see Fig. 1). The baffles collect and prevent the capture
Fig. 2. Experime
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of liquid droplets by the gas stream that flows out through the vor-
tex finder. The cylindrical body is 795 mm long and has an internal
diameter of 160 mm. The total height of the separator is 955 mm.

The two internal elements of interest are the stationary swirl
vanes and the Chinese hat, illustrated separately in Fig. 1. The swirl
section is mounted externally to the vortex finder and consists of 6
helical vanes with inlet and outlet angles of 30� and 20�, respec-
tively. These values follow the design recommendations of
Hoffmann and Stein (2008). The vanes are 1 mm thick in the inlet
and outlet regions and 3 mm thick in the middle part of the sec-
tion. The whole section was manufactured in a 3D printing
machine to ensure geometrical precision. The conical section is
located at the bottom part of the cyclone and is supported by four
legs.
ntal set-up.



Table 1
Experimental flow conditions.

Conditions Inlet temperature
(K)

Inlet gas flow rate
(m3h�1)

Reynolds
number

E1 298 34.5 14,100
E2 304 77.5 32,100
E3 302 142.0 58,400
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The four investigated geometrical configurations are shown in
Fig. 4. The tangential inlet section and the bottom conical outlet
are the same for all tested cases. Configuration A is the simplest
possible and only contains the vortex finder. The addition of the
Chinese hat results in configuration B. The influence of the swirl
blades is investigated through configuration C. The simultaneous
effects of the two internals are discussed in configuration D.

The experimental conditions are listed in Table 1.
The geometric swirl number Sg denotes the ratio of the tangen-

tial to axial momentum (Gupta et al., 1984; Hoekstra et al., 1999)
and is defined as

Sg ¼ pdvf D
4Ain

; ð1Þ

where Ain is the inlet cross section. For the current prototype, Sg is
3.2.

3.3. Particle Image Velocimetry

A 2D PIV system from Dantec Dynamics was used to character-
ize the flow field. The system illumination is provided by a Litron
doubled pulsed Nd:YAG laser with a wavelength of 532 nm, pulse
duration of 120 ns, energy of 200 mJ per pulse and repetition rate
of 15 Hz. The beam passes through a set of cylindrical and spherical
lenses, creating a light-sheet of about 1 mm of thickness. The light
reflected by the tracer particles is recorded by a gray scale CCD
camera with image size of 1600�1200 pixels and 8-bit resolution.
The camera was fitted with a Nikkor 60 mm f/2.8D lens. System
synchronization, image processing and cross-correlation were per-
formed through the DynamicStudio Software, version 2015a.

Small particles of approximately 2 lm and specific gravity of
1.001 were generated by atomization of a 2.5 % wt sugar solution.
The main criterion to make sure that tracer particles accurately fol-
lowed the flow was based on the Stokes number (St), defined as

St ¼ tp
tf

¼
2qp þ qf

� �
d2p

36lf

� �
D
Vt

; ð2Þ

where tp and tf are the tracer particles and vortex field characteris-
tic time scales, respectively; qp and qf are the particle and fluid den-
Fig. 4. The four geometrical configurations investigated: A, vortex finder and cylindri
internals.
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sity, dp is the particle diameter, lf is the viscosity of the fluid, D is
the diameter of the cyclone and Vt is the tangential velocity.
According to Brennen (2005), if St < 0.1, the particles will have
the ability to follow the flow. In the present measurements, the
maximum Stokes number was 0.0022.

To characterize the velocity field inside the separator, two mea-
surement campaigns were conducted: (i) at the axial plane and (ii)
at a cross section underneath the vortex finder (see Fig. 3). Please,
also note the location of the pressure taps and of the coordinate
system (r; z).
3.3.1. Axial plane measurements
The axial velocity component was measured at the 0� - 180�

plane (Fig. 3), in a region limited by the bottom of the vortex finder
and the top of the Chinese hat. This region defines a common sep-
aration area for the four configurations studied.

The laser sheet was set in a vertical orientation, that coincided
with the 0� - 180� plane, to uniformly illuminate the field of view of
156�100 mm. The camera was set normal to the light-sheet. A dot-
ted calibration target was used to minimize optical distortions near
the cyclone walls.

Because of the out-of-plane tangential velocity component in
swirling flows, the adjustment of the time between laser pulses
needs to be carefully chosen. For the present experimental condi-
tions (see Table 1), this parameter ranged from 5 to 90 ls.

The velocity field was computed through the Adaptive Correla-
tion (DynamicStudio 2015a) algorithm, which uses successive
intermediary results obtained from an initial interrogation area
down to the smaller sizes until the final interrogation area is
reached. For the present measurements, the interrogation window
ranged from 64�64 pixels to 16�16 pixels. The final spatial resolu-
cal body; B, Chinese hat; C, swirl vanes; D, complete configuration with the two
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tion of the vector field is 0.57 mm. The overall measurement uncer-
tainty estimated from aleatory and systematic sources reaches a
maximum value of 3%.

3.3.2. Cross section plane measurements
To measure the radial and tangential velocity components the

laser plane was positioned to illuminate a cross section of the
cyclone body and the camera was mounted on a Scheimpflug adap-
tor in an off-axis position. The perspective distortion which results
from this configuration was compensated and corrected through
the use of a de-warping algorithm applied to the vector maps.

The measurement station was located at z=l = �0.69 (Fig. 3),
where z denotes the vertical axis of the coordinate system and l
Fig. 5. PIV measured axial velocity fields (Vz) for all configuration A to D (from to
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is the distance between the bottom of the vortex finder and the
top of the Chinese hat. l = 115 mm is a fixed distance and it remains
unaltered for the different configurations.

For this experimental campaign, a gray scale CCD camera with
1280�800 pixels and 12-bit resolution was used with a Nikkor
105 mm f/2.8D lens. The camera was positioned at an off-axis
angle of 33.8�. Before each measurement, a dotted circular calibra-
tion target was positioned at the cross section measurement plane.
The appropriate Scheimpflug angle was adjusted so that the whole
field of view could be seen in a sharp focus. During the calibration
procedure, an imaging model fit is used to describe the distortion.
This built-in numerical model available in DynamicStudio (2015a)
was used for image and vector map de-warping. This is done by
p to bottom) and all gas flow rates 34.5, 77.5 and 142.0 m3h�1 (left to right).



Table 2
Position of flow rotation. Please see Fig. 8 for a definition of the coordinate system.

Configuration Flow Condition Xc [mm] Yc [mm]

A E1 10.8 �6.6
E2 1.6 �5.8
E3 1.6 �4.7

B E1 7.6 �4.9
E2 5.9 �5.8
E3 2.2 �8.7

C E1 2.4 �4.0
E2 �6.2 �4.1
E3 1.9 �3.5

D E1 �1.9 �5.8
E2 �2.8 �5.8
E3 �3.1 �6.2
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imposing a re-sampling grid in the lightsheet plane, so that each of
the grid points in the re-sampling grid is mapped to a correspond-
ing point in the image plane. From this calculated pixel position a
grayscale value is derived from the original image and assigned to
a pixel in the de-warped image.

In addition to image distortion, the flow through the light-sheet
plane can severely disturb the measurement of in-plane velocities,
especially if the velocity component through the plane is of the
same or higher order of magnitude as the in-plane velocities. This
scenario is typical of swirling flows in cyclones. However, if the
axial (through-plane) velocity is known, it is possible to predict
and compensate for the resulting errors in the calculated tangen-
tial and radial (in-plane) velocities (Liu et al. (2007)). This algo-
rithm is implemented in a built-in function of DynamicStudioTM

and has been used to eliminate or minimize this type of measure-
ment error.

The field of view for the cross-sectional measurements was
191.5�187.9 mm. Post-processing images follow the same correla-
tion used for axial measurements. The spatial resolution of the vec-
tor field maps is 0.87 mm. Time between pulses ranged from 20 to
140 ls. For the cross-section velocity measurements, the overall
uncertainty estimated from random and systematic sources has a
top value of 1.8% of the reading.

4. Experimental results

4.1. Velocity fields

The flow conditions 1, 2 and 3 of Table 1 were used to charac-
terize the three velocity components (Vz;Vt and Vr) for every
cyclone configuration. The dimensionless velocities are referred
Fig. 6. Local PIV measured axial velocity fields (Vz) for all configuration A to D
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to the inlet mean velocity Uin. The averaged velocity fields shown
below were evaluated from 4,000 images over a sampling time
interval of 4.44 min (15 Hz acquisition rate).

Fig. 5 shows for all configurations (A to D) the PIV measure-
ments of the axial velocity fields in the plane defined in Fig. 3.
The results are presented for all three gas flow rates (34.5, 77.5
and 142.0 m3h�1). The differences in flow pattern as Fig. 5 is
inspected from top to bottom are evident; these differences result
from changes in the cyclone geometry. However, changes observed
with the increase in the gas flow rate (left to right) are not much
pronounced.

To all cyclone configurations, the downward free vortex and the
forced upward vortex keep their general global behavior. The break
in symmetry is a result of the tangential inlet, and varies signifi-
cantly with all configurations, A to D. In fact, the break in symme-
and flow rate 77.5 m3h�1 at positions z=l = �0.348, �0.522 and �0.696.
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try is more apparent in the region near the Chinese hat (z=l = �1),
with a predominance to the left (negative X=R) of higher velocities.
At the vortex finder region (z=l = 0), the velocity field is much more
symmetrical, in particular for configuration D, the full configura-
tion. On the other hand, the Chinese hat stabilizes and accelerates
the central vortex core (configurations B and D), creating regions of
reverse (downward) flow (blue colored regions).

The velocity fields for configuration A show the typical flow pat-
tern occurring in cyclonic separators. The axial mean velocity is
negative close to the wall and positive in the center. The negative
(downward) velocities relate to the flow that would escape
through the underflow; positive velocity is related to the flow that
leads through the overflow. Around the vertical axis (X=R = 0), two
Fig. 7. PIV measured tangential velocity fields z=l = �0.696 for all configuration A to D (f
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peaks of maximum velocity are observed, originating in between a
region of decelerated flow (see also Hoffmann et al., 1996). Config-
uration B is characterized by two effects: the flow deceleration and
the stabilization of the precessing vortex core. The flow core does
not remain aligned to the geometric axis, giving origin to a coher-
ent precessing movement of helical shape (Syred, 2006).

The swirl blades of configuration C organize the flow streamli-
nes and reduce the effects of deceleration and reverse flow. As a
result, the PVC phenomenon is also reduced. The highest velocity
peaks occur in configuration C (red colored regions), meaning that
most of the upward exit flow is concentrated in a narrow band of
diameter about 0.1D where no negative velocities are observed.
The high upward axial velocities induced by the blades in the cen-
rom top to bottom) and all gas flow rates 34.5, 77.5 and 142.0 m3h�1 (left to right).



Fig. 8. Coordinate system for the local profiles.
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tral region extract fluid more efficiently so that the flow in the
nether regions of the cyclone close to the Chinese hat is reduced.

Configuration D shows the most symmetric flow pattern, with
high velocity twin peaks of about the same values. In the axial
Fig. 9. Local PIV-measured tangential velocity fields for all configuration A to D and flow
defined according to the reference axes shown in Fig. 8.
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center line, reverse flow is noted, in particular, for the highest
gas flow rate.

To further illustrate the above described phenomena, local
mean axial velocity profiles are shown in Fig. 6. The data is shown
at three z-positions for all configurations and one typical gas flow
rate (the intermediate flow rate, Qg = 77.5 m3h�1). The local pro-
files consistently illustrate the break in symmetry and show with
clarity the influence of the geometry on the flow pattern. It is of
interest to note how the levels of the curves on the rhs of Fig. 6
(positive X=R) change positions (from top to bottom and vice versa)
as they move to the lhs (negative X=R) and this feature is salient to
all geometries.

To evaluate the tangential and radial velocity components of
the flow, a pre-requisite is the estimation of the center of rotation.
This can be made in two ways: (i) all velocity fields are averaged
and the resulting mean field is used to determine the center of
rotation (Xc;Yc), (ii) every instantaneous velocity field has the cen-
ter of rotation (xc; yc) determined and the set of all rotation centers
is averaged, (xc; yc). The former option is the simpler, but does not
permit to follow the trajectory of (xc; yc) and evaluate its precession
frequency. The method used for the determination of the center of
rotation from given PIV images is detailed in Appendix A. Table 2
shows the results for (Xc;Yc), which were used to determined the
fields of Vt and Vr presented below. The (xc; yc) results and their
comparison to (Xc; Yc) are discussed in Section 4.3.

The absolute tangential velocity (Vt) distributions for the four
configurations are shown in Fig. 7. In view of the position of the
inlet pipe and the orientation of the coordinate system, the fluid
motion is in the clockwise direction (negative Vt). The flow
asymmetry already observed for the axial velocity distributions is
rate 77.5 m3h�1 at position z=l = �0.696. f = X=R;Y=R or Y 0=R is a dummy variable



Fig. 10. PIV-measured radial velocity fields z=l = �0.696 for all configuration A to D (from top to bottom) and all gas flow rates 34.5, 77.5 and 142.0 m3h�1 (left to right).
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further observed in the cross section plane as a result of the flow
inlet. The more pronounced asymmetry is manifested through axis
Y=R. The actual center of rotation is clearly off the geometric center
of the cyclone and is characterized by the dark blue regions of cir-
cular shape and close to the center of the circumference. For con-
figurations A and B the center of rotation is offset to the right
(positive X=R, Quadrant 4)(Fig. 8). The swirl blades result in a much
more organized motion (configurations C and D), with the rotation
center tending to occupy Quadrant 3 in a location close to the geo-
metric center of the cylinder.

The Chinese hat in configurations B and D clearly tends to
retard the flow further away from the central region of the cyclone,
with a corresponding increase in Vt in the region near the vertical
11
symmetry axis. Please, compare configurations A to B and C to D
(Fig. 7) to observe the relative increase in tangential velocity in
the central region of the cyclone (the red zones). The swirl blades
have the opposite effect, they tend to establish a more regular
velocity distribution with lower peak values. Also, since the swirl
blades tend to provoke a more efficient extraction of fluid close
to the vortex finder as compared to the other configurations, the
tangential velocities at position z=l = �0.696 are lower than in
the other configurations.

To show the local data on Vt , the dummy variable f is used
where f = X=R;Y=R or Y 0=R is defined according to the reference
axes shown in Fig. 8. These axes are normally used in literature
to illustrate the local behavior of Vt , despite the fact that they do



Fig. 11. Local PIV measured radial velocity fields for all configuration A to D and flow rate 77.5 m3h�1 at position z=l =�0.696. f = X=R;Y=R or Y 0=R is a dummy variable defined
according to the reference axes shown in Fig. 8.

Fig. 12. a) Dimensional pressure drop, b) Euler number.
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not coincide with the mean center of rotation of the flow. However,
they are convenient in view of their coincidence with the geomet-
ric center of the cyclone.

The local absolute values of Vt are shown in Fig. 9. The tangen-
tial velocity increases in Quadrants 4 and 3 and subsequently
decreases in Quadrant 2 as to return to the values of Quadrant 1.
For all configurations, the peak values of Vt/Uin are around 2 and
about position X=R = �0.2. For configurations A and B, Vt is very
symmetric around the origin of the axis Y=R, with a peak value
of 1.5. The swirl blades in the absence of the Chinese hat (configu-
12
ration C) reduce the peak value of Vt/Uin to 0.5 at Y=R = �0.2, set-
ting a velocity field relatively symmetric in relation to Y=R, but
very asymmetric in relation to X=R and Y 0=R.

Despite the off-centered position of the zero tangential velocity,
the velocity flow profiles show the existence of a classical Rankine
vortex structure in the cyclone, where Vt increases rapidly from
zero, reaches a maximum and decreases to zero towards the wall.

The behavior of the radial velocity for all configurations and
flow rates is shown in Fig. 10. The dark blue regions are the regions
of greatest interest to observe. Since they define positions where Vr



Table 4
PVC frequency for the four configurations (A, B, C and D) and the three flow conditions
(E1, E2 and E3).

Configuration f pvc Hz½ �
E1 E2 E3

A 265 � 46 561 � 85 1958 � 284
B 270 � 58 438 � 45 1117 � 158
C 288 � 47 524 � 101 2283 � 630
D 302 � 56 445 � 69 1028 � 151
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is zero (or close to), they limit regions where the vector velocity
components locally converge or diverge defining regions of updraft
or downdraft flows. The really striking feature of the Vr-pattern is
its strong dependence on the position of the inlet flow and appar-
ent independence on the cyclone configuration. To all configura-
tions, A to D, and gas flow rates, the top regions of the figures
(Y=R > 0.5) are dominated by convergent flow (flow in the direc-
tion of the geometric center of the separator). The region of diver-
gent flow (toward the wall and down the Chinese hat) is mostly
located for (Y=R < �0.5).

Differences are clearly noted as figures are compared one to
one, but to most figures is it apparent that four simply connected
regions exist separated by regions of dark blue color. For configu-
rations A, C and D the regions are easily spotted, two in the central
region of the separator, the other two in the top and bottom
regions of the figures.

The local profiles of Vr are shown in f-coordinate in Fig. 11. The
four typical regions of convergent and divergent flows can be char-
acterized by the points where Vr = 0. In the (Y=R)-axis (red-triangle
symbols), three points of vanishing Vr are observed at approxi-
mately Y=R = 0.5, �0.1, �0.7. These are approximate values, which
however do not change much with the configuration of the separa-
tor and the gas flow rates. These points limit the four distinct
regions discussed above.
4.2. Pressure drop

For the configurations shown in Fig. 4, and the flow conditions
of Table 1, Fig. 12 shows the pressure drop across the cyclonic sep-
arator. Fig. 12a shows that DP increases almost quadratically with
the increase in gas flow rate. This observation is independent of the
flow configuration.

The same results are shown in Fig. 12b in dimensionless form in
terms of the Euler and Reynolds numbers. The Euler number is

defined by Eu = 2DPð Þ= qU2
in

� �
, whereas the Reynolds number is

Re = UinD=m (Uin is the inlet mean velocity). For configuration A,
Eu = 3.6, a value very close to those observed for other separators
with a similar geometry (e.g., Karagoz and Avci, 2005 quote Eu �
3.9).

Configuration B provoked the highest value of Eu, a result that
may appear counter intuitive due to the absence of the swirl vanes.
A common expectation would be that the complete configuration
would result in the highest pressure loss due to the combined drag
effects of all of the internal elements. The actual picture, however,
is different. The swirl blades direct and organize the flow rotation,
reducing the pressure losses despite some increase in the friction
drag. Thus, configuration C results in a much lower pressure loss
than configuration A. The addition of the Chinese hat to any of
Table 3
Vortex core center position.

Configuration Flow
Condition

xc [mm] yc [mm] Std xc [mm] Std yc [mm]

A E1 1.5 �6.4 1.9 1.7
E2 1.1 �6.4 2.4 2.5
E3 �0.6 �5.9 1.9 2.1

B E1 6.4 �5.8 1.4 1.4
E2 4.3 �6.6 1.6 1.6
E3 1.3 �8.7 2.1 1.9

C E1 �4.4 �3.9 1.1 1.1
E2 �5.2 �2.6 1.8 1.7
E3 �4.5 �3.3 1.9 1.9

D E1 �2.5 �5.4 0.9 0.8
E2 �3.0 �5.6 1.4 1.4
E3 �2.9 �4.3 1.3 1.3
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the configurations increases the pressure loss. The Chinese hat sta-
bilizes and accelerates the internal vortex core, which becomes
attached to its tip, generating a low-pressure region that extends
through the draft tube to the separator outlet and increases the
overall pressure loss. To support the above arguments, Fig. 9 shows
the large tangential velocities of the inner vortex for configurations
B and D as compared to configurations A and C respectively. In
addition, the CFD simulations (Pereira, 2016) indicate the presence
of an extensive low-pressure region when a Chinese hat is present.
The implication is that configuration C presents the lowest pres-
sure drop (the lowest Eu = 2.2). Configuration D results in an Eu
(= 2.8) which is still very low as compared to configurations A
and B (Eu = 3.6 and 4.6 respectively).

The configurations B and C shown in the work of Nanninga et al.
(2001) are comparable to the configurations B and D of the present
work. Here, the reduction of Eu from configuration B to D is about
37%. In Nanninga et al. (2001), a change from configurations B to C
resulted in a decrease of Eu of about 48%. Despite the differences in
the experiments due to the types of flow – single and two-phase –
and geometries of the blades, the comparison shows close results.
4.3. Characteristics of the vortex core

A method to determine the position of the axis of rotation of the
vortex core from PIV images is described in Appendix A. The aver-
age positions of the axis of rotation of the vortex core (xc; yc) and
the standard deviations (Std) are shown in Table 3. The results sug-
gest that the amplitude of the vortex core motion depends on both
the configuration and the flow rate. Since the values of Std are con-
siderably high, it is very difficult to draw any firm conclusion on
the effects that changes in the gas flow rate exert on the vortex
center position. For most cases, the set (xc; yc) agrees well with
the corresponding set (Xc;Yc) shown in Table 2, to within twice
of the respective standard deviations. The only exception occurs
for condition A-E1, where a much higher value of Xc (10.8 mm)
was observed as compared to the xc value of Table 3. The calcula-
tions were double checked and confirmed indeed that this discrep-
ancy stems from the different manners in which the position of the
center of rotation is estimated.

The (xc; yc) data are also coherent with the observations
reported by Hoekstra et al. (1999), for all configurations. These
authors also found the measured tangential velocity profiles not
to be symmetric in relation to the geometric centreline of the
cyclone. Gorton-Hlgerth (apud Obermair et al., 2003) mention that
the vortex precession is not around the cyclone axis, but around an
axis that spirals around the cyclone axis.

To evaluate the PVC frequency (f pvc) from the low frequency PIV
measurements, the statistical method introduced in Appendix A
was used. The results for the most probable values of the f pvc
and their corresponding errors with a 95% confidence level are
shown in Table 4. For the lowest gas flow rate, E1 (= 34.5 m3h�1),
the effect of the internals on f pvc is very small. For the other two
flow conditions, E2 and E3 (= 77.5 and 142 m3h�1), the Chinese
hat seems to damp f pvc resulting in lower values for configurations



Table 5
Influence of internals on PVC frequency change with flow rate.

Configuration A B C D

Condition Q=QE1 f pvc=f pvcE1

E1 1.00 1.00 � 0.25 1.00 � 0.30 1.00 � 0.23 1.00 � 0.26
E2 2.25 2.12 � 0.49 1.62 � 0.38 1.82 � 0.46 1.47 � 0.36
E3 4.12 7.39 � 1.67 4.13 � 1.06 7.91 � 2.53 3.40 � 0.80

a� Stda 0.635 � 0.012 0.442 � 0.019 0.640 � 0.049 0.384 � 0.017
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B and D. The highest value of f pvc is achieved for configuration C
and condition E3 (= 2283 Hz).

Table 5 compares the PVC frequency ratios for the several flow
conditions as referred to condition E1 (QE1 denotes the gas flow
rate at condition E1). The mean errors were obtained by propagat-
ing the f pvc errors given in Table 4. It is clear from the data that the
increase in the PVC frequency with the flow rate strongly depends
on the flow configuration. To quantify this effect, Eq. (3) was
adjusted to the data shown in Table 5 through the maximum like-
lyhood method and the ODR (orthogonal distance regression)
package of Boggs et al. (1990):

ln
f pvc
f pvcE1

" #
¼ a

Q
QE1

� 1
� �

ð3Þ

The values determined for parameter a and the corresponding stan-
dard errors are given in Table 5. The data of Table 5 clearly show
that the Chinese hat does reduce the increase of the PVC frequency
with the increase in flow rate. These results support the claim that
this internal element stabilizes the vortex core and that this effect
increases with the flow rate.
5. Conclusions

An experimental study on the effects of the internal elements in
a specific cyclone separator was successfully presented. PIV and
pressure drop data were instrumental to elucidate the role of every
element in the flow dynamics. The present measurements are con-
sistent with those of previous authors for confined swirling flow.
They highlight the changes in flow symmetry as a result of the
cyclone configuration, show that internal blades can be used to
organize the flow, reduce pressure losses, attenuate turbulence,
stabilize the precession of the vortex core and improve separation.

Swirl vanes have often been used in technology to enhance sep-
aration processes but are mostly related to axial separators. The
present authors were not very successful in finding extensive liter-
ature on phase separators that simultaneously resort to tangential
inlet and guiding vanes for process optimization. The contribution
of (Zhou et al., 2018) is fairly recent and is one of the few we
detected with a content similar to the present study. On the other
hand, industrial separators with the configuration D discussed here
have been extensively used in specific industry niches for over
twenty years. This particular configuration has rarely been
addressed in literature and one of the main purposes of the present
work has been to fill this gap.

The present work introduces a newmethod to estimate the pre-
cession frequency of the vortex core from low-frequency PIV data.
The transient aspects of the problem have not been extensively
discussed here and are to be addressed elsewhere. In particular,
flow fluctuations that are part of the coherent precessing vortex
core motion are not part of turbulence (which are rapidly varying
fluctuations), meaning that the orderly precessing motion of the
core with a specific frequency must be subtracted, along with the
average velocity, from the transient velocity signals before any tur-
bulent statistic is calculated. The work of Derksen and collabora-
tors (Derksen and Van den Akker, 2000) uses LES simulations to
14
discuss the effect of the PVC on the levels of the velocity fluctua-
tions, mapping the regions where this influence is more (or less)
pronounced.
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Appendix A. A vortex core center detection and frequency
estimation method on swirling flows from PIV images

The presently proposed method to assess the precessing vortex
core (PVC) frequency of a confined swirling flow applies only for
low-frequency 2D-PIV measurements. The method is divided into
two steps: (i) the identification of the vortex core center position
for given pairs of double frame images for the complete data set
and (ii) the estimation of the PVC frequency (f pvc). These two steps
are discussed below in separate sections.

A.1. Vortex core center detection

Seeding particles on swirling flows rarely reach the center of the
vortex core, mainly because of the centrifugal forces and the zero
velocity condition at the vortex core center. This creates a
particle-lacking area (PLA) that increases as the swirl intensity
increases in the flow (Peng et al., 2005).

Fig. A.1, shows a calibrated gray scaled PIV image, where a low
(almost zero) particle density region close to the geometric center
is observed. This region correspond to the PLA. Since the zero
velocity condition of the core flow corresponds to the vortex core
center, then, the position of the vortex core center is located in this
specific region.

The process to identify the particle-lacking area starts by cut-
ting the central part of the original image into a smaller region
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Fig. A.1. Gray scaled and enhanced contrast PIV image. (a) Acquired and calibrated image, (b) Cut and enhanced contrast image.
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Fig. A.2. Sequential stages in the image process: (a) dilation filter, (b) erosion filter, (c) threshold and noise removal filters, (d) particle-lacking area.
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and enhancing its contrast as shown in Fig. A.1. The enhanced con-
trast is achieved by subtracting from each individual image the
mean image. The size of the selected region equals a square matrix
of 0.7R � 0.7R, where R is the maximum radius of the flow domain,
461 pixels in the present case.
15
Once a region is selected, a sequence of arithmetic and morpho-
logical operations are applied in order to identify the particle-
lacking area, as illustrated in Fig. A.2. The first morphological oper-
ation is a dilation, where the value of an output pixel is the maxi-
mum value of all pixels in its neighborhood (Fig. A.2a). The value of
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Fig. A.3. Intensity pixel histogram.
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an output pixel subject to an erosion operation is the minimum
value of all pixels in its neighborhood. This operation removes
islands and small objects and keeps only substantive objects
(Fig. A.2b). For both operations – dilation and erosion – the state
of any given pixel in the output image is determined by the matrix
known as ‘‘structuring element”, which identifies the pixel in the
image being processed and defines the neighborhood used in the
processing of each pixel. Since the objects that surround the PLA
are particles, their shapes are considered spherical and the selected
structuring element is a circle. This assumption increases the par-
ticle radii without distorting its shape.

Fig. A.2b is still a gray-scaled image, where the boundaries of
the PLA are not well defined. A threshold criterion is defined to
each frame to obtain the final binary image. The method of Otsu
(1979) defines a criterion to determine the local threshold value.
The method is based on the zero and the first-order cumulative
moments of the gray scaled level histogram to define the optimal
threshold value. Fig. A.3 shows the histogram of pixel intensity
+ frame1
+ frame2
+ vortex core center ( , )
* geometric center

Fig. A.4. Instantaneous vorte
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with two distinct peaks. From this result, the zero and first order
cumulative moments of the gray scaled image can be computed
up to a chosen threshold value. Then, the optimization of the sep-
arability of the threshold (Otsu, 1979) gives its optimal value.
Fig. A.2c shows a binary image following the application Otsu’s
method. This image is next inverted to reveal the black particle-
lacking area (Fig. A.2d).

Since the barycenter of the position of each pixel in Fig. A.2d is
known, the instantaneous position of the center of the vortex core
may be calculated through the mean geometric value of the PLA,
given by Eq. (A.1),

xc ¼ 1
J

X
j

xj; yc ¼
1
J

X
j

yj; ðA:1Þ

where xc and yc stand for the instantaneous position of vortex cen-
ter in Cartesian reference framework, and (xj; yj) is the position of
the barycenter of a pixel belonging to the particle-lacking area.

An application of the former processes to every pair of dou-
ble frame images for the all data set, results in a map that fur-
nishes the instantaneous vortex core center positions (Fig. A.4).
In the present study, the vortex core center does not coincide
with the geometric center of the separator. Thus, the vortex
core does not rotate around the geometric center, but around
a displaced axis located at the mean position of the instanta-
neous vortex core center positions, xc and yc (Fig. A.4). This
observed behavior is different from those discussed by other
authors (Yazdabadi et al., 1994; Wu and Shi, 2003), who con-
sider the rotation of vortex core around the geometric center
of the separator.

A.2. Precessing vortex core frequency

After the determination of the vortex core center time-averaged
position, (xc; yc), one can define the following relative position vec-
tors of the instantaneous vortex core position at two sequential
time instants (xc1; yc1), (xc2; yc2) as shown in Eq. A.2

rj ¼ xcj � xc
� 	

êx þ ycj � yc
� 	

êy; rj ¼ jrjj; j ¼ 1;2: ðA:2Þ
If the motion between these two time instants is purely rotational,
r1 = r2 as shown in Fig. A.5a, we can compute the angle of rotation b
from Eq. (A.3) and the f pvc can be estimated from Eq. (A.4), where tpc
is the time between laser pulses.
x core center positions.



Fig. A.5. Instantaneous vortex core center position.

Fig. A.7. Distribution of /.

Gustavo E.O. Celis, Juliana B.R. Loureiro, Paulo L.C. Lage et al. Chemical Engineering Science 248 (2022) 117099
b ¼ cos�1 r1 � r2
r1 r2

� �
rad½ �; ðA:3Þ

f pvc ¼
b

2ptpc
Hz½ �: ðA:4Þ

The estimate of f pvc considers the following hypotheses.

� The rotation of vortex core is around the mean position of the
instantaneous vortex core center.

� Only motions that are close to pure rotation should be consid-
ered to estimate the frequency.

� The motions cannot imply a rotation angle larger than a thresh-
old, btol, with btol < p, because, even if r1 = r2, movements with b
close to p can be just rectilinear displacements.

Therefore, some criteria must be defined to select the motions
that are mainly rotational. Fig. A.5 illustrates two types of motions:
pure rotation (Fig. A.5a) and rotation combined with radial dis-
placement (Fig. A.5b where r1 – r2). Ds is defined as the vortex core
center displacement magnitude, given by Eqs. (A.5a) (which can be
applied indistinctly for both motion types), whereas Eq. (A.5b).
(8b) is strictly valid only for pure rotational motions (Fig. A.5a).

Ds ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � r1ð Þ2 îþ r2 � r1ð Þ2 ĵ

q
; ðA:5aÞ

Ds ¼ r1 þ r2ð Þsin b
2

� �
: ðA:5bÞ
Fig. A.6. Scattering of the displacement behavior related to Ds magnitude.
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However, we need to consider movements for which rotation is
dominant, but r1 – r2. A new angle bpred, given by Eq. (A.6), is intro-
duced to establish a criterion for the dominance of rotation in the
vortex core center motion.

bpred ¼ sin�1 Ds
2r1

� �
þ sin�1 Ds

2r2

� �
rad½ �: ðA:6Þ

Eq. A.6 considers that half of the displacement Ds comes from a
pure rotation using each one of the two radii. Of course, provided r1
= r2; bpred and b are equal. For r1 – r2 so that bpred and b exhibit
close values, the motion is dominated by rotation.

The analysis is exemplified in the following for the data
obtained for configuration A and E1 flow condition. The Ds magni-
tude behavior is observed in Fig. A.6. The values close to the refer-
ence line (45	) are motions probably dominated by rotations,
whereas values far from the reference line suggest radial dominant
displacements.

A normalized parameter / is defined by Eq. (A.7), whose values
are close to zero when the vortex core center displacement is dom-
inated by rotation, that is, r1 � r2.

/ ¼ 2
r1 � r2
r1 þ r2

� �
: ðA:7Þ

A histogram of / shows that the motions dominated by rota-
tions are prevalent, as the maximum relative frequency of all
movements occurs nearby / ¼ 0 (see Figure A.7).



Fig. A.8. Comparison between b and bpred .

Fig. A.9. Application of the criteria to select the motions dominated by rotation.

Fig. A.10. PVC frequency histogram.
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To define a criterion for the selection of motions dominated by
rotation, consider motions that simultaneously satisfy
b < btol; j/j < /tol and PD < PDtol, where PD is defined by:

PD ¼ jb� bpredj b�1: ðA:8Þ
Fig. A.8 shows the behavior between b and bpred for subgroups

with different / values and for b < p. It is clearly seen that motions
with �0:2 < / < 0:2, in general, have bpred close to b. Fig. A.8 also
shows that the motions with j/j < 0:2 are more scattered around
the line b ¼ bpred for b > 2:5. These motions are discarded by con-
sidering btol ¼ 2:1 (120 degrees).

Fig. A.9 shows the results obtained after the application of the
criterion where the conditions j/j < 0:2; PD < 0:2 and b < 2:1 are
simultaneously satisfied. It is clear that the proposed criterion
selects a subgroup of motions that are probably dominated by
rotation.

Once a subgroup of all motions is defined by the proposed cri-
terion, the parameter f pvc can be evaluated using Eq. (A.4) for each
motion. Thus, the PVC frequency histogram can be built as shown
in Fig. A.10 for configuration A and E1 flow condition.

To determine the most probable frequency of the PVC distribu-
tion, that is, its mode, the log-normal distribution, given by Eq.
(A.9), was selected to fit the data. Note that Eq. (A.9) is written
using the mode (f mod) and standard deviation (ro) as parameters
because we were interested in assessing the uncertainty of f mod

in the data fit. The estimated values for ro and f mod were calculated
by using the maximum likelyhood method and the ODR routine
(Boggs et al., 1990) to fit Eq. (A.9) to the histogram data. The
selected dominant rotation movements were separated into three
subgroups to compute the standard deviations of the relative fre-
quencies in the PVC histogram. The variation coefficient of the
mode (CVmod ¼ Stdfmod=f mod) obtained in the fitting procedure
was used to define the better choice of histogram parameters
(the frequency range and number of bins) for each configuration
and flow conditions. The lowest possible value of CVmod defines
the best choice of these histogram parameters.

G fð Þ ¼ 1
fro

ffiffiffiffiffiffiffi
2p

p exp � ln fð Þ � lð Þ2
2r2

o

" #
; l ¼ ln f modð Þ þ r2

o : ðA:9Þ

The error of f mod with a 95% confidence level was estimated
using t-Student’s distribution and the degrees of freedom of the
corresponding histogram data.
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