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modelling on three-dimensional unstructured meshes using both the Reynolds Stress

T his paper reviews the application of Computational Fluid Dynamics (CFD) for cyclone

Turbulence model and Large Eddy Simulation. Results of the subsequent numerical
simulations show consistent agreement compared with Laser Doppler Anemometry measure-
ments at a series of axial stations throughout the length of a Stairmand high efficiency cyclone.
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INTRODUCTION

The cyclone separator is perhaps the most widely used
separation device to be found in industry. It owes its
popularity to the low manufacturing and maintenance costs
brought about by its simple design. There are no moving parts
in the device itself, which can be constructed from a wide
range of materials including refractories for high temperature
operation. Combined with moderate pressure drop and a
range of throughputs and efficiencies, these advantages have
made the cyclone the most attractive solution to separation in
both gas-solid and liquid-solid systems.

Cyclones can be distinguished from other separation
devices by noting that the centrifugal forces caused by the
swirling motion of the flow being the means of separa-
tion. In the familiar reverse flow cyclone of cylinder-on-
cone design, the fluid spirals down from a tangential inlet
towards the apex of the conical section, reversing direction
at the bottom, before proceeding upwards in an inner core
to exit via the vortex finder.

A considerable amount of experimental data exists on
cyclone performatice’?, obtained for the most part in the
1930s and 1940s, using impact tubes, before the availa-
bility of Laser Doppler Anemometry or electronic hot-wire
probes, whi¢h form the basis of many necessarily semi-
empirical correlations on which current design practice
is based. The design method usually depends on a number
of expressmns to obtain an overall pressure drop and a
characteristic’ grade»eﬁimency curve, as a function of geo-
metrical factors and operating conditions.

In‘recent years, the advent of powerful digital computers
has provided the means whereby mathematical modelling

- of the fundamental physical processes can be applied to

realistic cy¢lone geometfies. However, wheén CFD is used
for desngn and analysis in typical industrial settings, it is
always sub;ected to some consfraints. Amongst practical
constraints are the allocable memiory and the total amount
of CPU time that may “be spent on the simulation. These
constraints largely “determine the total cell ‘count and the
modelling approach, the latter being reflected in the choices
of the turbulence model and other physical models. For
these reasons, previous studies of numerical prediction

of cyclone flow fields have mostly been restricted to axi-
symmetric geometries>**, with a few three dimensional
simulations being reported only in recent years®’®. Almost
all of these studies use the Reynolds Averaged Navier-
Stokes equations (RANS) in time-averaged form, using
the Reynolds Stress Modelling (RSM) of turbulence. It has
been reported in the literature that the popular k — ¢ variety
of turbulence models are not suitable for the simulation of
highly swirling turbulent flows, such as the one found in
cyclone separators®>’. Mathematical models can, in prin-
ciple, not only enhance our understanding of the compli-
cated fluid mechanics of the cyclone separator and aid its
design, but also can be extrapolated to situations which lie
outside present day experience.

This paper presents the results of simulations of flow
fields in a Stairmand design cyclone, in three dimensions,
using both the Reynolds Stress Model of turbulence and
the more recently available Large Eddy Simulation tech-
nique. The results are compared with experimentally
obtained distributions of velocity components.

SIMULATION STRATEGY

The fidelity of CFD predictions for turbulent flows is highly-
dependent upon the quality of the turbulence modelling. This:
is especially true when it comes to the flow in cyclone
separators, because the salient features include high swirl,
three-dimensional boundary layers with strong streamlire
curvature. These features require turbulence models that can
properly account for anisotropy and non-equilibrium effects.

Surveying recent literature shows that there are nume-
rous engineering turbulence models, ranging from simple
algebraic models to second order Reynolds Stress closures
(RSM), Large Eddy Simulation (LES) and Direct Numetical
Simulation (DNS).

Turbulent flows contain a wide range of length and time
scales. In a direct humerical simulation (DNS) of turbulent
flows, the Navier-Stokes equations are solved on a- fine
enough mesh to:gsolve even the smallest scales of motion.
If the numerical scheme is designed to give minimum
numerical dissipation and dispersion.. errors DNS gives an
accurate three-dimensional, time dependent solutlon of the
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governing equations. DNS has been successfully used in
the past few years to study transitional and turbulent flow
physics in simple flows. The required number of grid points
in each direction for resolving all the scales of motion in
turbulence is proportional to the ratio of the size of the
large, energy containing and the Kolmogorov scale eddies.
This ratio is shown to be proportional® to Re}”, where Re, is
the turbulent Reynolds number of the ﬂow defined by
Re, = u'l /v, is the turbulence intensity and /, is the integral
turbulence length scale. Therefore, the number of grid points
required for three-dimensional DNS is proportional to Re?”*.
The overall cost of the computational effort is proportional to
Ré’. Therefore, an eight-fold increment in computational
resources is required to increase the permissible turbulence
Reynolds number for DNS by a factor of two®.

Considering the computational resources needed for
conducting DNS, some form of modelled equations must
be used in industrial simulations. In most instances, the
Reynolds averaged Navier-Stokes equations (RANS)
approach is used. In this approach, the governing equations
are averaged over a time period much larger than the time
scales of the turbulent fluctuations, and the resulting equa-
tions are numerically integrated. The averaging procedure
results in additional terms, called Reynolds stresses,
because of the nonlinearity of the convective terms. The
Reynolds stresses must be modelled approximately. In
general, industrial simulations of turbulent flows are con-
ducted using the two-equation or Reynolds stress turbu-
lence models (RSM). The constants in these models are
obtained using the experimental data from simple shear
flows. While these models provide solutions of engineer-
ing accuracy for a range of flows, they lack generality due
to the fact that the models based on the RANS approach
must represent a wide range of scales of turbulence and
the large scales are strongly dependent on boundary condi-
tions. The equations of RSM have been reported elsewhere
and will not be repeated here'®.

Recently, the large eddy simulation (LES) approach has
been used for a wide range of flows®. In this approach, the
governing equations are obtained by spatially filtering
the Navier-Stokes equations. The large turbulent scales are
computed explicitly, while the small scales are modelled
using subgrid scale (SGS) models. The SGS models
describe interactions between the resolved and unresolved
scales. The LES approach avoids the oft-quoted weakness
of the RANS approach, that the models based on this
approach must represent a wide range of scales of turbu-
lence and the large scales are strongly dependent on
boundary conditions. Similar to direct numerical simula-
tions (DNS), the LES approach gives a three-dimensional,
time dependent solution. This method needs computational
resources that are intermediate between those required by
the DNS and RANS approaches. The LES can be used at
much higher Reynolds numbers than DNS, as the computa-
tional effort is independent of the Reynolds number if the
small scales obey the inertial range spectrum and the near
wall effects are not important.

MATHEMATICAL FORMULATION
Governing Equations

The governing equations for LES are obtained by spa-
tially filtering over small scales. The effect of small scales
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on large scales is represented by SGS models. A generic
filtered variable, f, is defined as:

P70 = [ o031 F0)Gix — )i W
D
where x and X’ are spatial coordinates in the domain D and
G is the filter function. In spectral methods for solving the
governing equations, a sharp Fourier cut-off filter is used.
In finite volume methods, a top-hat filter of the following
form is often used.

Gx~x)=——ifx —Xx|=AR2

1
AAA, 10))
=0 otherwise

where A, A, and A, are filter widths in the three coordinate
directions. In the current study, a top-hat filter of filter width
to grid size ratio of two is used. With this filter, differen-
tiation and filtering operations commute only on uniform
grids. The importance of commutation errors on nonuni-
form grids is a topic of the current research, and in the
present work it is assumed that the commutation error is a
part of the error in the subgrid models.

Applying the filtering operation to the continuity,
momentum, species and energy equations, gives:

dp  Opii;
—a—t-+ o, =0 3)
opii; OphE;  dp 97,  Jg;
R P A T &
where 7; is the ﬁltered stress sensor given by:
dir, 0
= — 2 u(e, o et #(T)( Lt ai) )

In the filtered equations, the terms represented by oy, called
SGS stresses/fluxes, are described below:

0; = —(puu; — pit;it;) (6)
The SGS stresses/fluxes need to be modelled.

Subgrid Turbulence Model

In the filtered equations, the terms represented by o;
are called subgrid scale (SGS) stresses, and need to be
modelled. Yakhot et al'' have obtained a RNG subgrid
scale stress model by performing recursive elimination
of infinitesimal bands of small scales. In the RNG SGS
model, subgrid fluxes in the momentum equation are
represented by:

1 .
0’1] - gokkaii = zyxgssi/ (7)

This model differs from the Smagorinsky'? model in

the way subgrid viscosity is calculated. In the RNG
subgrid model, the total viscOSity, p,, = i + py,, 1S given

by
IJ'Z " 1/3
=1 (Ee )] ®

where ., = p(C, A (25;S)"*, H(x) is the Heaviside
ramp function. The coefficients, C; = 0.157 and C = 100
are obtained from the theory. When the filtering operation
results in very high subgrid viscosity compared to the
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molecular viscosity, p,, = p,,,, and the RNG theory based
subgrid scale model returns to the Smagorinsky model
form. If ., =0, the argument of the Heaviside function
is negative and the total viscosity is equal to molecular
viscosity. This model correctly yields zero SGS viscosity
in low Reynold number flows without any ad hoc
modifications.

Numerical Method

The numerical simulations are conducted using FLUENT
V5. A detailed discussion of the numerical method and
several validation studies of this code are given by Mathur
and Murthy'?. In this code, the domain is discretized into
arbitrary unstructured polyhedra. The discretized form of
the governing equations for each cell is obtained such that
the conservation principles are obeyed on each polyhedron.
The resulting discretized equations for the variable ¢ are
given by:

a0, =Y a0 +S, ©)
nb

The summation in equation (20) extends over all the
neighbour cells of cell p, i.e. all the cells, which share a face
with the cell p. The number of.cell neighbours in equation
(9) is arbitrary for unstructured meshes. Therefore, normal
line-iterative solvers cannot be used. In FLUENT, the linear
equations are solved using an algebraic multigrid proce-
dure developed by Hutchinson and Raithby'#, more details
of the algebraic multigrids used on unstructured meshes
may be found in Mathur and Murthy"’. FLUENT V5 uses
colocated meshes considering their well-known advantages
over staggered meshes for complex geometries. Checker-
boarding of pressure and velocity fields on the colocated
meshes is avoided by a momentum interpolation proce-
dure”. The SIMPLE algorithm is used for coupling the
continuity and momentum equations'®. All the results
presented in this section are obtained using a third order
accurate QUICK scheme for spatial discretization'. The
time-advancement is made with a second-order accurate
implicit scheme. This scheme uses information from two

previous time steps to calculate the time derivative.

RESULTS

The experimental cyclone configuration is depicted in
Figure 1, a typical high-efficiency cyclone design of
Stairmand'; in this case having a diameter D of 0.205m.
The volume of the cyclone was 0.0203 m?. Incompressible
flow with a density of air of 1.225kgm * and a viscosity
of 1.7894E-05kgm~'s~' was assumed. The volumetric
flow rate through the cyclone was 0.08 m*s~!, resulting in
an average residence time of 0.25s.

Radial profiles of axial and tangential velocities have
been measured using a backscatter LDA system. The experi-
mental data were reported previously'™'®. The cyclone inlet
velocity used in the simulation corresponds to the airflow
rate of 0.08 m?s!, extrapolated from LDA measurements
taken across the inlet of the cyclone. A relatively coarse
unstructured grid has been used with approximately
40,000 cells for the Reynolds stress simulations shown in
Figure 2.

The flow field generated from the calculations using the
RSM model is shown in Figure 3 (for clarity the azimuthal
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Figure 1. Outline of Stairmand cyclone showing non-dimensionalized
dimensions.

components of velocity have been suppressed). It can be
seen that the flow forms descending and ascending streams,
which flow parallel to one another before leaving the
cyclone through the vortex tube. This behaviour is expected
and is due to the fact that swirling flows have a tendency
to resist radial motion, which gives rise to several other
features. After entering the cyclone, the main body of the
flow forms a stream, which flows along the outer wall
towards the bottom, and accelerates due to area reduction.
Upon reaching the bottom of the cyclone, this stream
changes direction and moves towards the vortex tube.
Axial stations 0.32, 0.35, 0.38, 0.41, 0.59, 0.62, 0.66,
0.77, 0.8 are compared with predicted tangential and axial

Figure 2. Unstructured hexahedral mesh.
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Figure 3. Axial velocity vectors in the CFD simulation.

velocity profiles at equivalent locations in the CFD simu-
lation, see Figures 5, 6, and 7. The flow field simulation
has adequately predicted the axial and tangential compo-
nents of the flow in the one plane. It is imperative that
the swirl velocity (tangential component) is predicted
correctly in order to accurately reproduce the rest of the
flow field. The swirling flow is shown by means of path-
lines in Figure 4. The results of the numerical simulation
for both axial and tangential velocity show consistent
agreement with the LDA measurements down the length
of the cyclone.

For the LES simulation, a finer grid of approximately

Figure 4. Pathlines showing the spiral flow in a cyclone.
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Axial

Tangential

Figure 5. Predicted tangential and axial velocity distributions at each of
the axial stations in the high-efficiency cyclone of Stairmand using the
RSM model.

640,000 cells was constructed. The simulation was started
with a steady state RSM solution as an initial condition. A
period of 0.5 s, corresponding to two residence times, was
simulated using a time step of SE-5s. Figure 8 shows local
velocity magnitude, velocity vectors and axial vorticity
in the cyclone at intervals of 8.4E-3s, near the end of the
simulation. It is clear that the central vortex in the cyclone
is not steady, but exhibits semi-periodic oscillations. These
oscillations are averaged out in the steady state RSM cal-
culations. Thus, the LES calculations provide additional
detail about the flow in the cyclone that cannot be obtained
otherwise. Such oscillations may potentially affect the
separation efficiency of the cyclone and wall erosion, and
have also been observed experimentally'*’.

Figures 5 and 6 also include the LES results. The RSM
predictions are slightly better at the first locations
(y=—0.32, —0.38 and —0.41 m) while the averaged LES
gives slightly better predictions at the remaining five loca-
tions. Overall, the averaged LES results compare slightly
better with the experimental data than do the RSM results,
but it required a finer mesh and longer computational
time. To explain the discrepancy in the LES results at the
first three locations, considering Figure 8, the results show
that the unstable motion of the central core fluctuates
much faster in the lower tapered section of the cyclone.
Therefore, the time averaged LES results incorporate more
periods of motion in the lower section. While those in the
upper section average about 2.5 periods of motion, biasing
the result. This is a useful observation to be borne in mind



1102

Asial

Vi
(mis)

Axial
Vi
(m/s)

Axal

e

Axial

Vem

SLACK et al.

10
01 008 -006-004 002 0 002 004 006 008 0.1
Radia! Position (m)

(a) 0.32 m station.

0.1 -0.08-0.08-004 002 0 002 004 006 008 0.1
Radial Position {m)

(c) 0.41 m station.

- ak
0.1 -008 006 004002 0 002 004 006 008 0.1
Radial Position (m)

(e) 0.62 m station.

-
01 008 0.06-004 002 0 002 004 006 008 0.
Ragdial Position (m)

(g) 0.77 m station.

i
"

Axial
Velocn%
(nvs)

Axial
Velo
(mis

~01 008 -006 -004 -002 O 002 0.04 006 008 0.1
Radial Position (m)

(b) 0.38 m station.

-
0.1 008 -006 004 002 0 002 004 008 008 0.
Radial Position (m)

(d) 0.59 m station.

-
-0.1 -0.08 -0.06 -0.04 002 0 002 0.04 006 008 0.1
Radial Position (m)

(f) 0.66 m station.

-
0.1 -0.08 -D.08 004 002 0 002 0.4 008 008 01
Radial Position (m)

(h) 0.80 m station.

Figure 6. Comparison between the axial velocity at various stations as predicted by the RSM model, the averaged LES results, and the experimental data

(A Experimental data; — RSM model; - - - Time averaged LES results).
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Figure 7. Comparison between the tangential velocity at various stations as predicted by the RSM model, the time averaged LES results, and the experimental
data (A Experimental data; — RSM model; - - - Time averaged LES results).
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Figure 8. Flow pattern results from the time dependent LES simulations.
The top row shows local velocity magnitude (red is 45 ms ' or higher, blue
is Sms™' or lower), the centre row shows local velocity vectors,
and the bottom row shows axial vorticity (red is 5550s ' or higher and
blue is 1000s™" or lower). Images are shown at intervals of 8.4ms. The
first column of images is at 1= 0.26895s and the last column is at
1 =0.32775s.

when comparing any time averaged LES data. A model and
discussion of processing vortex harmonics is presented in
the paper by Sozou and Swithenbank?'.

Large Eddy Simulation turbulence modelling lends
itself well to the cyclone, the short residence times of the
fluid mean that there is little time for the turbulent energy
to diffuse down the energy cascade to the smaller eddies.
The behaviour is therefore dominated by the larger eddies
placing less importance on the choice of subgrid scale
model used.

CONCLUSIONS

The flow field in a conventional high efficiency
Stairmand cyclone was successfully modelled using an
unstructured mesh and using both RSM and LES turbulence
models. The results show an excellent agreement between
predicted and experimental measurements at all of the
axial stations considered. Steady state simulations using
a Reynolds stress turbulence model on a relatively coarse
unstructured mesh provides a computationally inexpen-
sive method for examining in detail the time-averaged
flow field in cyclonic flows of this type. The computation-
ally more expensive large eddy simulation model on a finer
mesh reveals time dependent vortex oscillations, which
potentially impact the separation efficiency and wall ero-
sion. This will be the subject of further study. CFD lends
itself to the development of new and innovative designs
that may be outside of the usual scope.
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