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A study about the influence of geometry simplification on the swirling flow of a cyclone was performed by
comparing CFD results with experimental data. The numerical results were obtained by solving the mass and
momentum equations with the Reynolds Stress Model (RSM) for the turbulence closure. On other hand, the
experimental data were obtained in the literature, the authors used the Particle Image Velocimetry (PIV) technique
to measure the velocity fields and a differential manometer to measure the pressure drop. In this work, different
test facility geometries configurations were simulated: the complete test facility; and others with some
simplifications downstream and upstream of the cyclone. The boundary condition for both numerical and
experimental analysis was performed with inlet velocity in 10.5 and 12.25 m/s. Results showed a decrease in the gas
vortex velocity in the cyclone center when simplifications in the test facility geometry are made. These bring

significant consequences in the performance parameters, like almost 20% in the pressure drop values.

1. Introduction

Cyclones are widely used in industrial processes to remove solid
particles from gas flows. This device usually consists of a cylindrical
body with a cone base, inner tube (vortex finder) and tangential inlet.
The gas-solid suspension gets into the cyclone with a swirling motion
that is provided by the tangential inlet. Therefore, particle collection
occurs due to the centrifugal force and the high turbulence intensity
that generates a reverse gas flow.

In petroleum refineries, cyclones are used in fluid coking units,
following fluidized-bed incinerators and in the reactors and
regenerators of fluid catalytic cracking (FCC) units to recover the
catalyst w2,

Although the simplicity of the equipment construction, the swirling
flow with gas reversal is extremely complex. Cyclone performance
parameters such as pressure drop and collection efficiency are
influenced by the flow behavior ! which can be evaluated through
axial and tangential velocity.

Flow characteristics are a function of the operating conditions and
geometry configuration. To evaluate the effect of these factors, two
methods can be used, experimental and numerical simulations using
Computational Fluid Dynamics (CFD), such as presented by Papoulias
and Lo". Cyclones have eight geometric parameters that can be
changed to improve their performance, the effects of these
parameters have been studied experimentally by Hsu et al®™ and
numerically by Elsayed ) Furthermore, Jo et al. " evaluated a post-
cyclone and Chuah et al. ) study the effect of cone dimensions on
cyclone hydrodynamics and performance. Souza et al. ©l and Balestrin
et al. " showed that the apparatus downstream and upstream can
also influence the swirling flow.

Numerous equipment projects and mathematical model validations
that use the CFD tools are conducted in simplified geometries, in

other words, without considering the apparatus before and after or
even the real shape of the devices under study. These basic
geometries may result in simulation time gain and computational
resource-saving, such as presented by Vatankhah et al. ™ on other
hand, this process should be very carefully conducted to not lose
essential information regarding the physical phenomena. Taghinia et
al. ™ showed that simplification of body shape on the prediction of
the flow field around a dummy could reach 10%.

Regarding separator cyclones, in Schmidt et al. 03t s possible to
analyze the difference in the flow results between the real cyclone
geometry and those with boundary modifications. It was found that
only a limited amount of literature exists about the effects of the
geometry simplifications in cyclones test facilities to performed CFD
studies. So, this study presents the effects of the simplifications in the
geometry of a cyclone test facility on the swirling flow and pressure
drop by comparing experimental data and numerical results.

2. Material and Methods

This section is divide into two parts, the former regarding the
material and methods used by Balestrin et al. 1 to obtain the
experimental data, and the latter those used in the numerical
simulations to reach the aim of this study.

2.1. Overview of experiments

The experiments were performed in the test facility, as illustrated in
Figure 1. The experimental unit operates with an exhauster (10) at
the end of the line, which produces a negative pressure that
transports the gas. Flow beginning in the inlet duct (01) which passes
into the cyclone (06) toward the bag filter (09) until exit.
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Figure 1: Test facility and measurement system applied in physical
experiments. 01 Inlet duct; 02 Pitot tube; 03 Tracer feeder; 04 Laser;
05 Pressure probe; 06 Cyclone; 07 Solid collector; 08 PIV; 09 Bag
filter; 10 Exhauster.

Macroscopic and microscopic physical quantities were obtained from
the gas phase in the test facility, such as pressure drop and velocity
fields. Experiments were performed at two operation conditions, a
duct inlet velocity of 10.5 and 12.25 m/s. Pressure loss was obtained
by the difference of inlet and outlet pressure measure points using a
pressure probe (05). Velocity fields were achieved using a particle
image velocity system (PIV). The PIV system (08) is composed of a
computer, two cameras, and a laser (04). A particle tracer with a
Sauter diameter of about 4 um and density of 1400 kg/m? was fed in
the flow to perform the experiments.

The physical experimental data was used to compare with the
numerical simulation results, and therefore, present the loss of
information due to the geometry simplification performed in the test
facility.

2.2. Numerical simulations

Numerical simulations were developed in FLUENT 14.0. The
simulations were conducted in transient-state with time step and
convergence criteria of 10™. The SIMLPEC algorithm was chosen for
pressure-velocity coupling. The second-order upwind discretization
scheme was used except for pressure where PRESTO was selected.
For boundary conditions, inlet velocity, pressure outlet and a
stationary wall were set.

Four different geometry configurations of the test facility were
simulated to demonstrate the loss of information in pressure drop,
velocity and tangential velocity when confronted with
experimental data. Figure 2 showed the distinct cases simulated and
the dimensions in millimeters of the cyclone, inlet and outlet

axial

2.3. Mathematical Modelling

To predict the cyclone swirling gas flow, Navier-Stokes equations
(mass and momentum) were applied, with the Reynolds Average
Navier-Stokes (RANS) equations approach and under the Eulerian
focus.

Mass equation

a

E(pg) +V- (pgvg) =0.

Momentum equation

a

E(pgvg) + V- (pyv,vy) ==V~ (T;ff) +pgg — Vp. (2)

The subscript “g” indicates that these equations are valid to the gas
phase. Gas is the main phase in order to characterize the flow,

(1

therefore the focus of this study. Term (T;ff) is the effective stress,
which expresses the sum of the turbulent Reynolds stress term (Tgf)
and the term of the molecular tensor (T}), such as follow:

T = Ti+T,. (3)

13

extensions that constitute the experimental unit. The differences of
each case are discussed below:

. Figure 2a (Case 0), this case has got the same geometry
configuration of the test facility, but ending before
entering the bag filter;

. Figure 2b (Case 1), this case is similar to Case O but
without the inlet duct and the tube after the reduction
section located in the gas outlet tube;

. Figure 2c (Case 2), this case is similar to Case 1 but without
the reduction section in the gas outlet pipe;

. Figure 2d (Case 3), this case is similar to Case 2 but
without the extension of the cyclone gas outlet duct.

A mesh with about five million hexaedral elements was used for Case
0. The choice of the mesh was based on a grid convergence index
(GCl) study performed by Balestrin et al.". The mesh of Case 1, Case
2 and Case 3 have the same characteristics as the Case 0 mesh.

All the cases were simulated at the operational conditions used in the
physical experiments, gas inlet velocity in 10.5 and 12.25 m/s. Cases
1, 2 and 3, compared to the Case 0 and the experimental data show
the loss of information in the studied parameters incurred after the
simplifications in the CFD geometry.
(a) Case0 (b) Caset

(c) Case2 (d) Case3
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Figure 2: Four distinct geometries used in the numerical simulations
and their main dimension

The nature of the cyclone turbulence is highly anisotropic due to its
spiraled motion. So, the anisotropic Reynolds Stress Model (RSM) was
used to better represent the swirling flow. This model requires a
transport equation for each Reynolds stress component and to the
dissipation rate, totaling seven more equations to close the
turbulence problem. Eq (4) expresses the Reynolds transport
equation.

a 2
a(T;)+v-vg(T;):DT+DM+Y+n—g&sg. (4)

Turbulence diffusion (D), which is presented by Lien and Leschziner
0 was modeled as:

t
Dy = V- (Z—iVTg‘)
Molecular diffusion (Dy) is expressed by:
Dy = V- (v, VTE).
Production rate (Y) is represented by Eq (7).
Y= =15 (W) + T (W) |

(5)

(6)

7)
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The strain deformation term (IT) can be expressed in different shapes,
such as linear modeling, quadratic modeling and others. Due to a
preliminary test by Balestrin et al. 19 that showed no significant
difference between quadratic and linear modeling over the evaluated
parameters and the easy convergence of the linear modeling, the
latter was applied. Fu et al. %1 and Gibson and Lauder " present
more information about RSM modeling.

The conservation equation needed for the dissipation rate is shown in
Eq (8).

a
E(pgs‘g) +Vv- (pgvgsg)

ol

+ 2 CY & C

5w Pglerl =7 Pglea:

k, "9°F k, "9F

Where the turbulent viscosity (,ug) is represented as:
2

_ g
g = Cupg e
g

(8)

(9)

The model's constant values applied were the default values used in
the FLUENT 14.0 code. For a better prediction of the experimental
data, the parameters can be adjusted according to a sensitivity study

® Experimental

575

% Case0
B Case1

such as conducted by Balestrin et al. 1 or by an optimization study.
The standard wall function was used as the near-wall treatment.

3. Results and Discussions

To illustrate the information loss in the cyclone flow due to geometry
simplifications, pressure drop, axial velocity and tangential velocity
were analyzed.

3.1. Pressure drop results

Figure 3 presents the pressure drop comparison of all proposed
numerical case results with the experimental data. The bar in the
experimental value of pressure drop is the standard deviation of ten
replication experiments. Results showed that the numerical case with
less simplification (Case 0) compared to experimental data was the
case that best predicted the pressure drop for both analyzed
velocities, with relative error not exceed 5%. Case 1 and Case 2 have
no significant difference between them, with a higher error of 10%.
Figure 3 indicated that Case 3 was the case with the poorest
prediction, where the error almost reaches 20%.
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Figure 3: Pressure drop comparison for all studies cases, inlet velocity in 10.5 and 12.25 m/s.

3.1. Axial and tangential velocity results

Figure 4 showed the axial and tangential velocity for all numerical cases
compared to experimental data to inlet velocities of 10.5 and 12.25
m/s. The errors bar visualized in Figure 4 represent the standard
deviation of three replications of the PIV experiments. All velocity
profiles were obtained in the cyclone cylindrical body region, located 40
millimeters below the vortex finder in a horizontal line shape, as
present in the left top of Figure 4.

Balestrin et al. (2017) " concludes that the inlet ducts used in the
experimental results have no influence over the swirling flow and that
RSM turbulence model represents the experiments well. Therefore,
numerical velocity profile results illustrated in Figure 4 present the
effects of the:

. duct after the reduction section - Comparison between Case
0 and Case 1 present that curves and duct after reduction
section bring consequences to the central region of the
cyclone. Axial velocity profile Figure 4a and Figure 4c present

a smaller velocity peak in the cyclone axis. In the same way,
tangential velocity in Figure 4b and Figure 4d have a
discrepancy in the central position. Case 1 presents higher
rotation velocity in a region more width than the real case;

. reduction section - Comparing Case 1 and Case 2 was
observed that the reduction section present different
information of velocities fields in the central location when
this apparatus is simulated. The same conclusion obtained
with the duct after the reduction can be applied here.
Highlighting the less magnitude in the axial peak and the
higher width tangential velocity;

. extension of the outlet duct - Comparison between Case 2
and Case 3 shows that the length of the outlet gas tube has a
large influence on axial velocity, as seen in Figure 4a and
Figure 4c. This discrepancy can be noted because the
extension tube shifts the outlet boundary condition far from
the cyclone flow, which reduces the downflow probably
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caused by the reverse flows in the outlet boundary. On the
other hand, tangential velocity shows a drop in the velocities

inlet

peak and practically the same velocity in the central region,
seen in Figure 4b and Figure 4d.
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Figure 4: Velocity profiles at inlet velocity 10.5 m/s and 12.25 m/s; (a) (c) axial velocity, (b) (d) tangential velocity.

The effect of boundary conditions that possibly cause the downflow in
Case 3, can affect Case 1 and Case 2 as well, but with less loss of
information. These changes in the inner cyclone flow influence the
pressure drop as shown in Figure 3. By recalling Balestrin et al.
discussion, which concludes that the reduction in the transversal section
area in the outlet gas duct results in better collection efficiency of
particles smaller than 5 um, it can be argued that similar consequences
in efficiency collection should be expected in the present case.

Therefore, it is possible to conclude that the simplification in the test
facility’s geometry configuration can have consequences to the cyclone
swirling flow. So, the modification in geometries to save computational
effort needs caution to ensure catching important issues of the problem
under study. The evaluated pressure drop, axial velocity and tangential
velocity results showed that Case 0, which comes closest to the real
geometry, is the case that best predicted the experimental data.

4. Conclusions

Based on physical experiments and numerical simulation, it was
observed that the RSM turbulence model with Reynolds Averaged
Navier Stokes equations satisfactorily predicted the pressure drop, axial
and tangential velocity in cyclone separators. It was observed
differences in trends, the reduction of velocity peaks in the axial and
tangential profiles compared to a real case, and the difference of almost
20 % in comparison of Case 0 and Case 3. Therefore, based on these
arguments, the authors conclude that simplifications in the test facility’s
geometric configuration causes modifications in the cyclone swirling
flow and so in its performance parameters.
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Nomenclature

refinement rate;

algorithm accuracy formal order;
safety factor;

pressure [kg/ms?];

turbulent kinetic energy [m?/s?];
velocity [m/s];

gravity acceleration [m/s?];
molecular kinematic viscosity [m?/s];
turbulence kinematic viscosity [m?/s];
molecular viscosity [kg m/s];
turbulence viscosity[kg m/s];

= density [kg/m3];

= dissipation rate [m?/s];

effective tensor [kg/ms?];

turbulent Reynolds tensor [kg/ms?];
= molecular tensor [kg/ms?];

= turbulent diffusion [kg/ms3];
molecular diffusion [kg/ms3];

= production rate [kg/ms3];
deformation rate due the pressure [kg/ms3].
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