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ABSTRACT

In this paper the turbulent flow in a cyclonic separator is
investigated with large-eddy simulation (LES) based on
a cylindrical coordinate spectral-element-Fourier method
(SEM) using the Smagorinsky subgrid-scale model in its
standard and dynamic formulation. The results show
slight model differences, but both have poor agreement
with measurements. The cylindrical-coordinate system
geometry used in the SEM-Fourier calculations requires
periodicity in the azimuthal direction and cannot model
the inflow duct. Hence the flow velocity profiles have
to be interpolated onto the intersection of inflow duct
and main cyclone wall. A comparison based on a full
three-dimensional finite-volume method (FVM) indicates
that the inclusion of some portion of the inflow duct in
the geometry improves the agreement to experimental
results.

NOMENCLATURE

∇ gradient operator [1/m]

φ, φ̂ resolved quantity φ on grid filter level
and test filter level

CS Smagorinsky constant [1]
∆ local grid spacing [m]
I identity tensor [1]
l, v length scale [m], velocity scale [m/s]
lS mixing-length [m]
L auxiliary tensor [m2/s2]
M auxiliary tensor [1/s2]
νt eddy viscosity [m2/s]
S, Sij strain rate tensor and its components [1/s]
τ , T turbulent shear stress on grid and

test filter level [N/m2]
u velocity vector [m/s]
ui, u

′
i instantaneous velocity and

fluctuating velocity component [m/s]
α half-angle of cyclone [1]
N number of grid points [1]
R, D outer radius/diameter of cyclone [m]
Re Reynolds number [1]
rvf , dvf radius/diameter of vortex finder [m]
rc radius of axisymmetric centre body [m]
Tu turbulence level [1]
U0 inflow velocity [m/s]
U, V, W time-averaged velocities [m/s]
x, y, z Cartesian coordinates [m]
z0 location of intersection of parallel and

conical part of cyclone [m]
z∗ normalised axial coordinate [m]

INTRODUCTION

Cyclones play a dominant role in the industrial separa-
tion of dilute particles from an incoming gas flow. The
incoming flow enters the constant-diameter part of the
cyclone tangentially and accelerates on its way down into
the conical section resulting in a strong swirling flow with
complex flow patterns. At the base, the particle-laden
under-flow escapes through the lower end, while the rest
reverses direction and swirls along the centreline through
the vortex-finder pipe of the cyclone towards the top out-
flow.

In this study the bottom escape is closed as the main
objective of this study is to investigate the single-phase
‘carrier’ flow, which is supposed to leave through the top
of the domain. The actual size and the half-angle α of
the cyclone are determined by the given particle size d to
be separated from the incoming mixture (Griffiths and
Boysan, 1996; Hoffmann and Stein, 2002). Consequently
the amount of swirl and the pressure loss in the cyclone
may vary depending on the actual design and shape.

Turbulence Models

The large swirl velocity produces difficulties for sim-
ple statistical turbulence models employed in typical
Reynolds-Averaged Navier–Stokes equation (RANS) ap-
proaches such as the k − ε model which is still widely
used in industrial design. The simple linear stress-strain
correlations in these models often fail in the presence of
streamline curvature accompanied by swirl. This failure
of the models often gives rise to swirl velocity profiles
typical of solid-body rotation. This sort of modelling
error can be alleviated by including non-linear correla-
tions of rate-of-strain Sij and rate-of-rotation Ωij ten-
sors (Rung, 2000). Moreover, sophisticated models such
as some ASM with special treatment of coriolis forces
(Rung, 2000) and full implicit Reynolds stress transport
models achieve a better performance for swirling flows.
However, as this paper aims at investigating the model
influence in LES we do not consider second-moment clo-
sures here.

Smaller modelling errors are to be expected from LES,
which directly resolves the large-scale flow structures,
which carry most of the kinetic energy and which models
the influence of small scales, below the grid level using
a simple subgrid-scale model. The distinction between
super- and subgrid scales is achieved by a convolution
of the Navier–Stokes equations with a filter kernel, re-
sulting in a set of filtered Navier–Stokes equations which
include a residual stress tensor known as true subgrid-
scale stresses, that has to be modelled using philosophies
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similar to those employed in producing RANS models.

In wall bounded flows much of the important physics
occurs in the boundary layer and this region needs to
be adequately dealt with, either through high resolu-
tion (for wall-resolving LES and direct numerical sim-
ulation, DNS) or by a model. Wall-resolving LES de-
mands spatial resolution in the wall layers approaching
that required for DNS and becomes infeasible for very
high-Reynolds number flows. RANS on the other hand
employs wall models to bypass the wall layer, but is not
able to distinguish between time-scales of transient mo-
tion and turbulence. This gave rise to the development
of hybrid approaches such as detached-eddy simulation
(DES, Spalart et al., 1997), which uses standard RANS
wall modelling in conjunction with LES for all detached
eddies using a modification of the Spalart-Allmaras (SA)
RANS model (Spalart and Allmaras, 1994) which basi-
cally limits the length scale based on the local grid spac-
ing. Thus, it is able to resolve transient flow features
without the need to fully resolve the wall region. This
method allows a substantial reduction of the computa-
tional effort and gives similar results as marginally re-
solved LES (Schmidt and Thiele, 2002a/2002b).

Subgrid-Scale Model

For the spectral element method, both the standard
and dynamic Smagorinsky model have been implemented
and validated for the channel flow (Blackburn and
Schmidt, 2002). The standard Smagorinsky model (SM)

determines the unknown stresses τ =−2 νt S by a length
scale l = ∆ and a velocity scale v = ∆ |S| with |S| =

(2 S:S)1/2, S =[∇u + (∇u)T ]/2 and a constant to give

νt ≈ l v = (CS∆)2 |S| . (1)

The dynamic model (DSM, (Germano et al., 1991; Lilly,
1992) makes use of the general relation (‘Germano’s iden-
tity’)

L = T − τ̂ (2)

to link the stresses at grid-level τ and test level T , ob-
tained by the application of two different filter kernels ∆

and ∆̂ to the unfiltered Navier–Stokes equations. The
assumption of scale-similarity at both cut-off wave num-
bers allows using the same subgrid-scale model with the
same model coefficient

τ − 1

3
tr(τ ) I = −2 (CS ∆)2 |S|S

T − 1

3
tr(T ) I = −2 (CS ∆̂)2 |Ŝ| Ŝ .

Introducing these equations into the deviatoric compo-
nents of (2) gives

L − 1

3
tr(L) I = −2 (CS ∆)2M (3)

with

M =
(
∆̂/∆

)2

|Ŝ| Ŝ − ̂|S|S , (4)

where typically ∆̂/∆ = 2 is assumed. In order to obtain
a scalar dynamic estimate, the tensor equation (3) is re-
duced by double contraction (Lilly, 1992), which process
the isotropic component of L is eliminated, since M is
deviatoric

L:M = −2 (CS ∆)2M:M , (5)

from which the dynamic estimate can be extracted

l2S =
(
CS(x, t)∆

)2
= −1

2

L:M
M:M . (6)

This procedure evaluates a local and time-dependent
value of (CS ∆) and is updated every time step. Note that

the product (CS ∆) can be treated as a mixing length lS,
without explicitly specifying the length scale on the grid
level—this is advantageous in complex geometries as it
enables us to bypass the need to define ∆. The dynamic
estimate (6) can generate locally negative values of the
eddy viscosity νt, which, if persistent, can destabilise the
time-integration procedure. In the present computations
the mixing length is limited to |(lS/∆)2| < C2

S.

NUMERICAL METHOD

The LES are carried out with a spectral element method.
For comparison additional DES and RANS computations
based on the SA model were performed with a three-
dimensional finite-volume method to cross-check the LES
results.

Spectral Element Method

The spatial discretisation employs a spectral element–
Fourier formulation (Blackburn and Schmidt, 2002),
which allows arbitrary geometry in the (z, r) plane to be
represented using a spectral-element discretisation, but
requires periodicity in the θ direction. The basis of the
method as applied to the direct numerical simulation of
the incompressible Navier–Stokes equations in a cylindri-
cal coordinate system has been described by Blackburn
and Lopez (2002).

As a result of the Fourier decomposition, implementation
of the time integration as a parallel algorithm is straight-
forward, with inter-process communication required only
during formulation of the nonlinear terms. The message-
passing kernel MPI has been used for this operation, and
the computations reported here were carried out using
8-16 processors.

Finite-Volume Method

The Navier–Stokes equations are discretized using a cell-
centered pressure-based finite-volume method employing
on semi-structured grids (Xue, 1998). Diffusive fluxes are
approximated by a 2nd order central-differencing scheme
(CDS). In LES, also convective fluxes are approximated
by the CDS whereas for RANS and DES these fluxes
are discretized using upwind-biased bounded high-order
schemes. The fully implicit three-level time integration
(2nd order accuracy) ensures CFL stability even in coarse
regions of the mesh, where the CDS would produce un-
physical solutions due to high Peclet numbers. The flow
solver is parallelised using a blockwise domain decompo-
sition technique employing message passing libraries MPI
for inter-block communication.

FLOW CONFIGURATION

The cyclone (Fig. 1a) features an outer diameter D = 2 R
and a half-angle of α = 20o in the conical region and a
pipe at the bottom end for collecting particles. As men-
tioned earlier, this outflow is closed for all simulations.
Hence only the main outflow through the vortex finder
with diameter d at the top of the cyclone is used. The
Reynolds number based on the bulk inflow velocity U0

and the diameter D of the cyclone is Re = 106.
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Figure 1: Cyclone geometry (a) without inflow duct
and (b) element boundaries with 2D projection of the
underlying mesh as used by spectral-element method
calculations.

Boundary Conditions

As the cylindrical spectral-element-Fourier method re-
quires the azimuthal direction to be periodic in geometry,
the inflow duct of the cyclone cannot be represented. For
this reason, velocity profiles obtained from a full three-
dimensional simulation (FVM) which included the inflow
duct have been interpolated onto the intersection plane
of duct and parallel part of the main cyclone. Using con-
stant inlet velocity profiles turned out to be a too coarse
approximation of the reality and therefore these are not
employed here. However, even with the more represen-
tative inlet velocity profiles, steady velocities enter this
intersection surface, leading to an inflow turbulence level
of Tu=u′/U0=0%. This partly suppresses the natural
interaction of the incoming flow and the unsteady tur-
bulent flow in the cyclone. The introduction of random
noise (u′ ≈ 0.1 U0) does not significantly improve the
results, as these pseudo-turbulent velocities do not rep-
resent realistic flow patterns in the inflow duct.

The vortex finder (dvf =2rvf) was extended to z/R > 7.5
in the present computations and an axis-symmetric cen-
tre body (rc/rvf ≤0.63) was placed into the outflow plane
to avoid inflow occurring at the outflow close to the cen-
treline (Fig. 1b). Hence the flow was allowed to leave the
domain between 0.63 < r/rvf < 1.0 (0.3 < r/R < 0.5).
This outflow insert is unlikely to substantively influence
the flow more than a few vortex finder diameters up-
stream.

Computational Mesh

The mesh structure in the (z, r) plane is shown on the

left half of figure (1b); on the right half the nodal points
of the underlying mesh are displayed, showing the refine-
ment of the mesh in all near wall regions, particularly of
the vortex finder tube in the centre of the cyclone. The
LES mesh comprises of 230 spectral elements of 8 × 8
tensor-product shape functions and 96 azimuthal planes
in the Fourier direction leading to roughly N ≈ 1.4×106

nodes. The near wall-normal grid spacing reach values
above y+ > 10 in critical parts of the geometry. As
wall-functions were not used in the computations, the
present results can hardly be regarded as wall-resolving
LES. However, as the main flow features are governed by
the internal vortical structure and not primarily deter-
mined by the near-wall turbulence, it is hoped that this
lack of resolution does not unduly influence the results.
In spite of this shortcoming, we should be able to draw
at least some basic conclusions about the influence of the
subgrid-scale model.

U
/U

0

-0.5

0

0.5

1 z*/R = +1.00

U
/U

0

-0.25

0

0.25

0.5 z*/R = -0.25

r / R

U
/U

0

0 0.25 0.5 0.75 1
-0.5

-0.25

0

0.25

0.5

EXP (Sutalo, 1999)
LES-SM
LES-DSM

z*/R = -1.25

CL

(c)

(b)

(a)

Figure 2: Time-averaged axial velocity profiles at:
(a) z∗/R = 1.0, (b) z∗/R = −0.25 and (c) z∗/R =
−1.25; the vertical line in picture (a) indicates the
position of the vortex finder.

EXPERIMENTS

In laser-Doppler anemometry (LDA, Sutalo and Mer-
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Figure 3: Time-averaged tangential velocity profiles
at: (a) z∗/R=1.0, (b) z∗/R=−0.25 and (c) z∗/R=
−1.25; the vertical line in picture (a) indicates the
position of the vortex finder.

rell, 1999) both averaged mean and fluctuating velocities
in the tangential and the axial direction have been taken
on the semi-plane (r/R > 0) located ϕ = 90o down-
stream of the semi inlet-plane. Velocity data could not
be obtained inside the vortex finder. As no time series
was recorded during the experiment, no correlations or
energy spectra can be extracted.

RESULTS

Figures 2 and 3 show the time-averaged mean axial and
tangential velocity profiles at three different locations
z∗ =z−z0 counted from the joint of the parallel and con-
ical part of the cyclone z0/R = 2.745 (cf. Fig. 1b), from
the experiments and from the spectral element based
LES. Taken overall, the results using steady inflow con-
ditions indicate that while the time-averaged axial ve-
locities are modelled with reasonable success, the time-
averaged swirl velocities, while having the correct profile
shape, are substantially too low compared to the exper-
imental results (Sutalo and Merrell, 1999). While the
dynamic LES provides slightly better matching of the

swirl velocities, the influence of subgrid scale treatment
is not substantial.
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Figure 4: Cyclone geometry and block-structured
grid as used by finite-volume method calculations.
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Figure 5: Influence of inflow boundary condition:
Time-averaged velocity profiles at z∗/R=−0.25: (a)
axial velocity and (b) tangential velocity.
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Influence of Inflow Boundary Conditions

One key factor causing the lack of agreement of the swirl
velocity was thought to be the crude approximation of the
inflow boundary conditions at the inflow to the cyclone.
For comparison, a full three-dimensional mesh including
the inflow duct consisting of N ≈ 500 000 control volumes
was generated (Fig. 4) and simulated by DES and RANS
using the previously described FVM.

In Figure 5 the results of DES and RANS using the
SA model obtained on both geometries (Figs. 1a/4a) are
shown. As expected, the DES results are broadly sim-
ilar to the LES results, but differ in important details.
The DES based on the geometry including the inflow
duct (Fig. 4a) reveal that the inflow boundary condi-
tion indeed has a strong influence on the results. At
z∗/R=−0.25, the axial velocities (Fig. 5a) are quite dif-
ferent; results on the full geometry give a better agree-
ment with the experiments than the DES results obtained
on the same geometry as the LES. However, the swirl ve-
locity (Fig. 5b) only marginally improves and is still too
low by more than 30%.

The results obtained by RANS reveal two facts. First is
that this simple model fails to capture the correct swirl
velocity distribution and predicts totally incorrect axial
velocity distributions which seem not to be influenced
by the type of inflow. The second fact is that despite
this discrepancy the swirl component is influenced by the
inflow conditions to a similar extent as the DES results.

DISCUSSION AND CONCLUSIONS

A cross check of two experimental data sets confirmed
that the current measurements are repeatable to within
10%. Therefore, other reasons must be responsible for
the lack of agreement with the experiments.

The LES results of the cyclone reveal reasonable success
in predicting the axial velocity but on the other hand
achieve comparatively poor agreement of the swirl veloc-
ity. As the influence of the subgrid-scale model in the
LES results is quite small, turbulence modelling errors
are not likely to have caused this discrepancy. While
the near-wall resolution is often to low, for wall-resolving
LES (in the spectral-element simulations), it should be
adequate in the case of the DES and RANS calculations.
The most likely reason for the discrepancy between the
experimental and LES/DES swirl velocities is thought to
be related to insufficient spatial resolution in the interior
of the cyclone just below the vortex finder (cf. Fig. 1b).
In this region the mainly tangential flow is about to enter
the conical part of the cyclone, where the swirl velocity
reaches its maximum values.

Since the numerical scheme used for LES requires peri-
odicity in the azimuthal direction, the inflow duct was
not geometrically modelled in present computations and
hence interpolated velocities had to be used as inflow con-
ditions. A comparison based on DES and RANS using a
three-dimensional FVM disclosed that indeed the inflow
conditions into the cyclone have a strong impact on the
development of the swirl velocity. DES employs a modi-
fied SA turbulence model and can in fact obtain superior
results compared to under-resolved LES. Simple RANS
models however fail to predict the correct flow features
in the cyclone shown by the standard SA results.

Further work is required and the first step will be the sim-
ulation of the full geometry with the three-dimensional

finite-volume method with adequate near wall resolution.
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