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Performance analysis of numerical schemes in
highly swirling turbulent flows in cyclones
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The aim of this study is to investigate the suitability of
various numerical schemes and turbulence models in
highly complex swirling flows which eccur in tangential
inlet cyclones. Three-dimensional steady governing equa-
tions for incompressible turbulent flow inside a cyclone
were solved numerically using Fluent CFD (computa-
tional fluid dynamics) code. The Reynolds stress tur-
bulence model, the Standard k-¢ and the RNG k-¢g
turbulence models together with various combinations
of numerical schemes are used to obtain axial and
tangential velocity profiles, pressure drop and turbu-
lent quantities. Computational results were compared
with experimental and numerical values given in the
literature, so as to evaluate the performance of the
numerical schemes and turbulent models. Comparison
of CFD results with experimental data shows that the
Reynolds Stress turbulence model yields a reasonably
good prediction. Results obtained from the numerical
tests have demonstrated that the use of the Presto in-
terpolation scheme for pressure, the Simplec algo-
rithm for pressure—velocity coupling and the quadratic
upstream interpolation for convective kinetics (quick)
scheme for momentum variables gives satisfactory re-
sults for highly swirling flows in cyclones.

Keywords: Cyclones, numerical schemes, swirling flows,
turbulence models.

THE study of swirl flow is of technical and scientific inter-
est because of its influence on transfer processes associ-
ated with recirculation flow field. One application of
strongly swirling flow is cyclone separators which are
widely used for various purposes, mainly for separating
of dense phase in a multi-phase flow. Entrance of flow
into a cyclone can be axial or tangential through the inlet
section, which can be in different shapes for each cyclone.
Cyclone separators operate under the action of centrifugal
forces. Fluid mixture enters the cyclone and makes a
swirling motion and, due to the centrifugal forces, the
dense phase of the mixture gains a relative motion in the
radial direction and is separated from the main flow. It is
difficult to analyse this problem since, in addition to its
3D character, there are many parameters that influence
this flow. The main performance characteristics of a cyclone
separator are collection efficiency, fractional efficiencies
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and pressure losses. Many studies have been performed
on this difficult problem for determination of these char-
acteristics, but these studies are successful for only a cer-
tain range of Reynolds number and geometrical ratios.
Therefore, developing more efficient cyclones have been
essentially based on experiments rather than mathematical
models'”. The earlier models®** are simple and include
only a few parameters, but do not give satisfactory results.

A literature survey showed that the vortex length can
be important for the prediction of collection efficiency,
especially in short cyclones. But in long cyclones, the
cyclone vortex may not reach the cone apex. The collection
efficiency increases with increasing cyclone length up to
a certain value and then starts decreasing (see, for example,
Alexander® and Zhu and Lee'. The natural vortex length
was first defined and formulated by Alexander”. In addition,
Avci and Karagoz™ proposed a theoretical model for pre-
diction of cut-off size and collection efficiency as a func-
tion of geometrical and flow parameters, and fluid
properties. This model extended to the modelling of pres-
sure loses'. This model can be used satistactorily for a
wide range of geometry and flow conditions, as well as for
optimization of some parameters depending on the opera-
tional conditions.

Computational fluid dynamics (CFD) has a great poten-
tial to predict the flow-field characteristics and particle
trajectories inside the cyclone as well as the pressure
drop®. The complicated swirling turbulent flow in a cy-
clone places great demands on the numerical techniques
and turbulence models employed in the CFD codes when
modelling the cyclone pressure drop and, axial and tan-
gential velocities'®™®. Although there are numerous com-
putational works which use different numerical schemes
in cyclone flow, none of them discusses the performances
and errors erased from the numerical schemes.

In this study, the performance of various numerical
techniques and interpolation schemes were investigated
for the highly swirling flow inside a tangential inlet cyclone,
by comparing the predicted results with the experimental
and numerical values given in the literature™. Additionally,
a comparison between two isotropic turbulence models,
namely the Standard i—& and the RNG k—¢ turbulent
model and the Reynolds stress model (RSM), which is an
anisotropic turbulence model was made. Results obtained
from the numerical tests have demonstrated that the key
to the success of the CFD lies with the accurate description
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of the turbulent behaviour of the flow and adoption of
relevant numerical techniques and interpolation schemes.

Governing equations and numerical solution

A cyclone separator consists of three main parts: the
inlet, separation chamber and vortex finder. Tangential
inlets are preferred for the separation of particles from
gases”. Therefore, the Stairmand high-efficiency cyclone
was used in this simulation (Figure 1). Its dimensions are
given in Table 1.

The steady-state conservation of mass and momentum
equations can be written in the following compact form”":
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where ¢ is the general dependent variable, I" the diffusivity
which may be laminar or turbulent and S the source term. For
the continuity equation, ¢ is 1, and I" and S are zero. For
the momentum equations, ¢=1u;, [ = tey = p+ g4 and S =
—OP/0x; + pg; . Reynolds stresses are given by:
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The turbulent viscosity g4 can be computed by combining
the turbulent kinetic energy k and its dissipation rate & as
follows:
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Figure 1. Tangential inlet cyclone.
Table 1. Cyclone geometry used in the present simulation
a b D, S h L Ds Dy
(mm) (mm) (mm) (mm) (mm)  (mm) (mm) (mm)
32 85 85 85 255 680 32 170
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Transport equations for £ and ¢ in the RNG k—& model,
which is derived from Navier—Stokes equations using the
renormalization group theory® can be written as:

Dk 0 Ok
Por = a_xi[ak:ueff a) + G - pe, 4

and

De 0 Ok £ &
pﬁ_a—xi[ak,ueff a—xi]"rclngk —ngpT—R. (5)

Unlike the standard k& model, this model includes an
analytical expression in addition to having an extra term
R in the second equation. The model constants are as-
sumed to have the following values: Ci.=1.42, C,.=
1.68 and C, = 0.0845. Calculation of the terms can be
found in the related literature.

Governing equations were solved numerically using finite
volume-based Fluent CFD code. According to the basic
idea of the control volume method, the computation domain
is divided into a number of cells, and the differential
equation is integrated over each cell to obtain the corre-
sponding discretized equations. These algebraic equations
were solved iteratively to obtain the field distribution of
dependent variables. Different numerical schemes and
various combinations of them have been used in the solu-
tions and they are summarized in Table 2. Details on
these schemes can be found in the literature. Due to diffi-
culty to reach the convergence in simulations, the first
order upwind scheme was applied for discretization of the
Reynolds stresses.

The numerical calculation was made with a numerical
grid as shown in Figure 2. Different grades of grid re-
finement were tested, with the first grid point located in
various regions of the boundary layer. The grid refine-
ment study shows that a total number of about 170,000
elements is sufficient to obtain a grid-independent solu-
tion, and further mesh refinement yields only small, in-
significant changes in the numerical solution.

The boundary condition for air-flow velocities at the
cyclone inlet was assumed to be uniform at 14.8 m/s. The
outflow boundary condition was used at the exit. At the
walls, no slip boundary condition was applied for velocity,
and near-wall treatment was achieved using the standard
and non-equilibrium wall functions.

Results and discussion

Strongly swirling turbulent flow inside a tangential inlet
cyclone was solved numerically using Fluent CFD code,
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Table 2.

Methods used in the numerical solutions

Numerical
solution 2 (ns2)

Numerical
solution 4 (ns4)

Numerical
solution 8 (ns8)

Numerical
solution 6 (ns6)

Numerical
solution 5 (ns5)

Pressure Presto Presto
Pressure-velocity coupling Simplec Simplec
Momentum Second order Quick

Second order
Second order
First order

Turbulence kinetic energy
Turbulence dissipation rate

Reynolds stress First order

Second order
Second order

Presto Presto Second order
Simplec Simplec Simplec

Second order Quick Second order
Second order Quick Second order
Second order Quick Second order

First order First order First order

Figure 2.

CFD surface mesh for the cyclone.

with three different turbulence models, the RSM turbu-
lence model, the Standard 4¢ and the RNG /4—¢ turbulence
models, with nonequilibrium wall function. Different
numerical schemes were tested to obtain axial and tan-
gential velocity profiles, pressure drop and turbulent
quantities. The numerical results were compared with the
experimental and numerical values given in the literature®.
Table 2 shows the numerical schemes and algorithms
tested in this study with the RSM turbulence model.

Comparison of turbulence models

Comparison of axial and tangential velocity profiles
computed using three turbulence models with experimen-
tal data by Gong and Wang"® is given in Figures 3 and 4,
at different axial positions z, below the top of the cylin-
drical cyclone. Zero on the radial axis characterizes the
centre of the cyclone. As can be seen, the RSM turbu-
lence model performs much better compared to the other
turbulence models. Although the tendency and behaviour
of the computed velocity profiles are consistent with the
experimental data, there are some discrepancies, especially
in the core region in the comparison between measured
velocities from the literature and the RSM predictions.
Since this swirling flow is strongly affected by the flow
and geometric conditions, and it is difficult to measure
velocities precisely in such a complex flow, it is possible
to conclude that these discrepancies are due to not only
the turbulence model and numerical methods, but also
experimental and measurement errors. The highly rotating
fluid flow generates a strong anisotropy in the turbulent
structure, and this causes the standard k—& and the RNG
k—e& turbulence models to provide inaccurate prediction of

CURRENT SCIENCE, VOL. 94, NO. 10, 25 MAY 2008

- - = =Standard k-
4o RNG ke

Expl19]

-12 T T T Y

01

Axial velocity (m/s)

Figure 3. Comparison between computed axial velocity profiles and
experimental data (z = 0.15 m, 90°-270°).
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Figure 4. Comparison between computed tangential velocity profiles
and experimental data (z = 0.4 m, 0°-180°)

the fluid flow. Although the RNG ki—& model gives
slightly better results compared to the Standard i—& model,
due to its swirl factor, it fails to produce Rankin-type
tangential velocity distributions (Figure 4). Additionally,
the standard k— and the RNG k—¢ turbulence models un-
der predict the pressure drop. However, the best predic-
tion of the pressure drop is obtained by the RSM model
as 1407 Pa.

Comparison of numerical schemes for pressure
solutions

Presence of high-pressure gradients and double-vortex
flow structure requires an efficient algorithm for the pres-
sure computations. The presto pressure interpolation
scheme is successful in this respect. High-order scheme
for the flow parameters together with the presto algorithm
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give better prediction of experimental data. Pressure drop
values obtained from numerical tests are compared with
experimental data in Table 3. Among the numerical solu-
tions with the presto scheme, the best results for pressure
drop are obtained with numerical solution 4 (ns4), which
uses the Simplec algorithm for pressure—velocity cou-
pling and the quick scheme for momentum equation.
Although the first-order upwind schemes yield better
convergence, they generally lead to inaccurate results.
Therefore the quick scheme may be preferred in calculat-
ing momentum, turbulent kinetic energy and its dissipa-
tion rate equations. The quick interpolation scheme also
helps minimize any artificial viscosity which may be in-
troduced into the discretized form of the governing equa-
tions. Pressure contours in the vertical mid-plane of the
cyclone are given in Figure 5. ns8 is considerably different
from the others, especially in the core region, in terms of
pressure magnitude and spiral shape of the low-pressure
region in the centre.

Comparison of velocity fields

Comparison of velocity vectors obtained with ns2, ns8
and ns4 is given in Figure 6, in the mid-plane of the cy-
clone. Similar to Figure 5, ns8 presents a different velocity
field, especially in the conical part. ns2 and ns4 give a
complex flow field in which flow velocity increases

Table 3. Comparison between computed and experimental pressure
drop (Pa)
ns2 ns4 nss nsé ns8 Experimental®®
1301 1407 1359 1393 890 1465.2
1.30e403 8.9%402 1.410+08
1.160403 7010402 125408
1.02e+03 5.90e+02 1.10e+03
8 72c.402 §.000.00 5,48+ 08
7.29e402 $.080402 7.844+02
5.£6€402 | 3.8Ce402 €280+ 02
4.40e+02 2.8Ces02 4.72e4+02
3.00402 1.86e402 3160402
1.67e402 5. 7%0+01 1.600+00
1.34e401 G -1.2%e +01 3.90e400
-1300.02 ; -1.13@+02 -1.52e+02
Figure 5. Contours of static pressure obtained with ns2, ns8 and ns4
respectively.
1276

towards the cone apex due to acceleration, and spiral-
shaped inner vortex. Therefore, the presto scheme is able to
reproduce the pressure field, and consequently a more ac-
curate velocity field.

Comparison of axial velocity profiles predicted by five
numerical solutions and experimental data' is given in
Figure 7, at the axial position of z = 0.15 m, below the top

3

Figure 6. Mid-plane velocity vectors obtained with ns2, ns8 and ns4
respectively.
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Figure 7a, b. Comparison between computed axial velocity profiles
and experimental data (z = 0.15 m, 90°-270°).
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of the cylindrical cyclone body. Negative velocities are
directed upward towards the outlet. There is an outer re-
gion close to the wall of the cyclone where the flow is di-
rected downwards. The axial velocity displays a two-peak
distribution in the interior up-flow region. The axial ve-
locity gradually decreases towards the centre to a mini-
mum, which may even be negative in some axial positions.
At about two-third of the cyclone radius, the flow re-
verses. Although the numerical solutions under predict
the maximum velocities in the core region, it is well con-
firmed that the numerical techniques used give reasonable
results in agreement with the experimental data. Differ-
ences between the numerical predictions are close to each
other, except for ns8.

Figure 8 gives a comparison between numerical predic-
tions and experimental observations of tangential velocities
at the axial position of z = 0.4 m from the top of the cyclone.
The flow field in the cyclone indicates Rankin-type vor-
tex, which is a combination of forced and free vortices,
and well predicted by numerical simulations with the
RSM turbulence model. Moreover, the axis of the vortex
does not coincide with the axis of the geometry of the cy-
clone due to asymmetric location of one inlet pipe. In the
central region where the flow rotates like a solid body be-
cause of forced vortex, the tangential velocity increases
with increasing radius. The maximum computed tangen-
tial velocity of approximately 1.82 times the inlet velo-
city is reached at about half of the radius. As can be seen
from Figure 8, the location of the maximum tangential
velocity is over predicted by the simulation. Differences
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Figure 8a,b. Comparison between computed tangential velocity pro-
files and experimental data (z = 0.4 m, 0°-180°).
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between the numerical predictions are also indistinguish-
able, except for ns8, which under predicts the tangential
velocity profiles and gives maximum tangential velocity
25% lower than the experimental value.

Figures 9 and 10 give a comparison between the nu-
merical and experimental axial velocity profiles at two
axial positions, z = 0.4 m and z = 0.65 m respectively. The
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Figure 9a,b. Comparison of computed axial velocity profiles at
z=0.4 m, 0°-180°.
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Figure 10 a, b. Comparison of computed axial velocity profiles at
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shape of the axial velocity profiles changes considerably
and the differences between the numerical solutions be-
came noticeable as the flow spins down towards the cone
apex. Near the bottom (z = 0.65 m), ns2 and ns8 give dif-
ferent velocity values.

Conclusion

This study deals with the investigation of turbulence
models, numerical schemes and algorithms suitable for
highly swirling turbulent flows, as in the case of tangen-
tial inlet cyclones. Three turbulence models, namely the
RSM, the Standard 4—¢& and RNG k—¢& were tested and the
performance of various numerical schemes and algo-
rithms well known in the literature investigated using
Fluent CFD code.

It can be concluded from the results that only the RSM
turbulence model predicts well the experimental data, due
to the strong anisotropy arising from the effects of high
swirling and steamline curvature. The Standard k—¢& and
the RNG k—¢ turbulence models present a solid-body rota-
tion rather than the expected combined vortex, and also
give an unrealistic distribution of axial velocities. Hence
they are unsuitable for highly swirling flows.

Results also show that the pressure interpolation scheme
is crucial for accuracy in swirling flows. The presto
scheme predicts well the experimental data, whereas the
first and second-order interpolation schemes give pressure
and velocity values different from experimental data.

Although the numerical schemes used for the momen-
tum equation give similar results, the quick scheme is found
to be the best among them; the first and second-order
upwind schemes for turbulent quantities also give almost
the same results. However, higher order schemes cause
convergence problems.

The optimum choice seems to be the second order for
turbulence kinetic energy and the first order for Reynolds
stresses. The Simplec algorithm for pressure—velocity
coupling seems to be advantageous in terms of conver-
gence.
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