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Abstract

In this study the influence of the exit tube geometry on the-ove
all flow properties of cyclones is investigated using degalch
eddy simulation. The results for different exit pipe shaped
lengths reveal that under certain conditions the outlethasp-
stream effect on the flow behaviour within the cyclone. This
can in turn result in poor build-up of swirl in the crucial reg

of the cyclone and substantially reduce the efficiency otthe
clone as a particle-separation device.

Introduction

Cyclones are widely used in the industrial cleaning process
where particles are removed from particle-laden carriavsio
without the need for using particle filters. The performaate
these maintenance-free devices depends to a large extérg on
swirl velocity within the cyclone as this quantity directhgter-
mines the centrifugal force imposed on the particles antet t
same time limits the ability to separate particles from tbevfl

In cyclone design it is therefore vital to accurately cadtelthe
flow in order to be able to predict the overall performance of
the cyclone. The work here deals only with single-phase flow
of carrier fluid, as this must be correctly predicted befdre t
solids phase can be considered.

Owing to the technological relevance of cyclones, flow sanul
tions have been carried out in the last decades, as appmpria
computational techniques have been developed [1, 2]. $tiece
Reynolds numbers for cyclone flows are usually in the order
of Re=10° and the flow itself is inherently very complex due
to strong streamline curvature and anisotropic turbulénts
tures, these flows require sophisticated turbulence modeti
order to obtain reliable and trustworthy results. Of theilava
able models to be applied to the Reynolds-averaged Navier—
Stokes (RANS) equations, full Reynolds-stress transpod-m
els (RSTM) are best able to cope with turbulence anisotropy a
satisfactorily predict these flows [1].

Wall-resolving large eddy simulation (LES), which directe-
solves the main turbulent flow structures down to the walijevh
potentially the most accurate approach, remains extremely
pensive in terms of computational effort and is thereforé no
useful in product design. However, combinations of RANS and
LES, such as detached eddy simulation (DES, [7]) provide at-
tractive alternatives, since this numerical method coebitme
advantages of LES and RANS. Like LES, DES is capable of re-
solving unsteady flow features but utilises wall models Eimi

to RANS in order to reduce the spatial resolution in the @&luci
near-wall region.

Previous results based on LES and DES revealed differences
in the flow predictions depending on the inflow conditiong] an
exhibited deficiency in predicting the swirl level in the tygic

part of the cyclone [3]. Perhaps more importantly, the tesual

the present study show that in order to successfully prédist
within the cyclone, care must be paid to the treatment gieen t
the exit tube, downstream of the vortex finder, and extemmal t

the cyclone body. It will be demonstrated that the swirl eéio
within the cyclone can be influenced dramatically by chaggin
the length and shape of the vortex finder. Highly swirling ow
can promote propagation of flow information upstream, again
the mean flow direction, by pressure waves, similar to pressu
waves in compressible flows [10].

Our results further suggest that the performance of theoogcl

in an industrial environment will be greatly influenced b th
actual inflow and outflow conditions. Hence, cyclone design
should not be restricted to the cyclone itself, but also engass
the surrounding ductwork.

Detached Eddy Simulation

This numerical technique based on the solution of the three-
dimensional unsteady Navier—Stokes equations was firgt-int
duced by Spalart et al. [7] for the simulation of flows past air
foils at high angles of attack, which feature massive flovasap
tion and the shedding of large vortical structures into tiagev

In terms of numerical modelling, this approach combinedmet
ods solving the Reynolds-averaged Navier—Stokes (RANS)
equations with large-eddy simulation (LES). Owing to thetfa
that (like LES) DES resolves the turbulence spectrum up to a
certain cut-off wavenumber, it is capable of capturing dadli
vortices which form around the centreline of a cyclone, a fea
ture common to many swirling flows. At the same time, by
avoiding the necessity for fine (eddy-resolving) mesh stmec
near the walls, DES is substantially cheaper than LES.

From a turbulence modelling point of view, DES is obtained
by a slight modification of the destruction term in the Spalar
Allmaras one-equation RANS model [6], resulting in a lim-
itation of the length scale by the grid spacing. This hybrid
approach employs the unmodified RANS model in wall areas
while turning itself into a one-equation subgrid-scale elad
regions located off the wall. The model has been implemented
and validated for internal and external high Reynolds numbe
flows [4, 5].

Numerical Method

The Navier-Stokes equations are discretised using a cell-
centered finite-volume method based on block-structured
grids [11]. All diffusive fluxes are approximated with a cexit
differencing scheme (CDS). For the convective fluxes, the us
of blending functions ensures that in the RANS region a third
order upwind-biased QUICK scheme is used, while in the LES
region, CDS is recovered [8]. The time integration is of sec-
ond order, using a fully implicit three-level scheme, ensyr
CFL stability even in coarse regions of the mesh where the
CDS would produce unphysical solutions owing to high Peclet
numbers. The flow solver is parallelised using a blockwise do
main decomposition technique employing message passing li
brary MPI for inter-block communication. Computations wer
carried out using 28—-34 nodes on the APAC Alpha cluster with
the same set of boundary conditions, timestep and totajriate



tion time for each configuration, allowing valid comparisdn
be made.

Flow Configuration

The cyclone (figure 1a) features an outer diamBtef 2R and

a half-angle ofn =20° in the conical region and an underflow-
exit pipe at the bottom end for the collection of particles. |
this study this outflow is closed for all simulations as oriig t
carrier flow is investigated. Hence only the outflow throulgé t
vortex finder with a diametat at the top of the cyclone is used
and convective outflow boundary conditions are imposedisn th
outlet plane.

All velocities presented here are normalised by the bullkael
ity in the inlet duct. The kinematic viscosity of the fluid was
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set so that the Reynolds number based on this velocity and the w—=—=»

cyclone body diameteb wasRe= 1 x 10°, matching the cor-

responding experiments [9]. Dimensions are normalise® by
and the reference axial locatiom, is placed in line with the

bottom of the cylindrical cyclone outer body. The vortex &nd

terminates at*/R = (z— zy) /R~ 0.5.
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Figure 1: Cyclone geometry and block-structured grid.

Exit Tube Geometries

The results of previous cyclone LES [3] using a spectral-
element method on a domain comparable to the one shown in
figure 2a, showed a strong under prediction of the swirl veloc
ity component in the cyclone. DES results confirmed that the
choice of a short exit tube length (cf. figure 2a) has an advers
effect on the swirl velocity within main part of the cycloneda
contributed to the lack of agreement with the experimerits [9

The main goal of this paper is therefore to examine the effect
of different outflow geometries on the swirl velocity in thg ¢
clone. The work concentrated on both the extension of the
axisymmetric exit tube as well as different outlet geonestri
namely a short, medium and long straight exit (figures 2ait),
outlet with centre-body blocking the core of the flow at thé ex
(figure 2d), a radial outlet ring surrounding the exit areg-(fi
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Figure 2: Cyclone outlet geometries: short (a), medium (id) a
long (c) straight outlet; long with blocked centre part (dng
with radial outlet (e); short with bend (f) and long outletthwi
bend similar to the experimental setup (g); arrows indicaite
flow direction.

ure 2e) as well as a short/long straight pipe with an addifion
bend and extension tube (figures 2f/g). The original expemim
tal setup included an elongated rectangular inlet duct and-a
let geometry similar to the one depicted in figure 2g.

Results

The figures 3a-c show the distribution of the time-averaged
swirl velocities at three locations within the cyclone fdrge-
ometries including the previously mentioned simulatiosdsh

on theSHORT geometry (cf. fig. 2a). Obviously the simulations
based on geometries with a longer exit are in much closeeagre
ment with the measurements, except the geometry with thge lon
vortex finder and the blocked centre (cf. figure 2d), whiclegiv
swirl velocity profiles comparable to those for tBEORT ge-
ometry. In part, this setup was chosen because in the pseviou
spectral element LES an axisymmetric centre body was placed
in the outlet area in order to prevent any flow re-entering the
domain and de-stabilising the numerical scheme. The DES of
this configuration suggests that this body slows down the swi
velocity in the cyclone and contributes to the poor quality o
the results. Comparing the results of the other geometities,
becomes clear that beyond a certain exit tube length, theesha
of the geometry does not have a strong impact on the swirl in
the cyclone. Even the inclusion of the bend does not affert th
solution significantly.

The mean axial velocities are shown in figures 4a-c. Below
the entry plane of the vortex finder (figure 4a) the results are
mainly influenced by the length of the exit tube as the sohgtio

tend to approach the results with bend included in the outlet
geometry. The shorter the outlet, the more the velocity peak
drops and evens out the steep velocity gradients. In the con-
ical part of the cyclone (figure 4b, c) the differences become



@) EXP

SHORT
MEDIUM

LONG
LONG-CENTRE
LONG-RADIAL
SHORT-BEND
LONG-BEND

Figure 3. Time-averaged tangential velocity profiles at) (a
z*/R=1.0, (b)z*/R=-0.25 and (cz*/R=—1.25.

larger and two areas can be identified: a near-axis regioichwh
gives good overall agreement of all solutions, and an iafern
part, located between the axis and the surrounding walldelin
latter region, the axial velocities of all solutions misg tx-
periments and tend to flow counter to the experimental result
The computations exhibit three radial locations where tlect

ity changes direction, whereas the experiments do not stigge
such behaviour. As only the solutions where swirl velositiee
under-predicted exhibit this behaviour, the results iaticdhat
depending on the swirl more than one flow pattern may exist in
the cyclone body.

At the lower end (figure 4c), these differences become more
obvious and the geometries with longer exit tubes tend teeagr
more with the experimental data than the low-swirl solugion

Influence of Exit Tube Geometry

The differences in the results of the shorter cyclone geneset
(SHORT/ MEDI UM compared to the other cases can be traced to
figure 5, where tangential velocity is represented by gregso
ranging fromW = 0 (black) toW = Wmax (white). The location

of the vortex core can be clearly identified as the dark region
meandering around the centre line of the cyclone. It can &e se
that especially for the shorter geometries (figures Sabytre
becomes increasingly perturbed and non-axial.

In part, this behaviour can be linked to flow at the entry to the
vortex finder where, for the shorter geometries, the vorter ¢

is inclined to the exit plane, thereby promoting localisebrse
axial flow. As the solution evolves in time these instalshti
eventually wash away for the longer domains (figures 5c/tl) bu
prevail in the shorter domains and prevent the flow fromisetl
into a stable flow pattern. This state can be classified indefm
flow criticality as a high swirl-number case, as discussédtiOh
According to their findings, swirling flows can have eitheoa |

or a high swirl number called either supercritical or sutbcri
cal respectively. Irsupercritical flows no information from a
downstream point can be transported upstream, wheresabin
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Figure 4: Time-averaged axial velocity profiles at: tajR=
1.0, (b)z*/R=-0.25 and (c)z*/R=—1.25.
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Figure 5: Location of the centre vortex for different exivéuge-
ometries visualised by time-averaged swirl velocity: siia),
medium (b) and long (c) straight outlet; long with blockedce
tre part (d)

Figure 6 displays the axial velocity profiles in the vortexdén
starting just downstream of the entry planegtR ~ 0.5. The
velocity evens out the asymmetry linked to the swirl velpcit
and begins a recovery towards a rotating pipe flow. At the most
downstream location (figure 6¢) massive reverse flow oceurs i
the central part, resulting from by the strong vortex andoke
pressure associated with it. As even the geometries with the
longest exit tube have reverse flow at these locations, &ais r
verse flow in itself cannot be the main reason for the lack of
swirl observed in the short geometries. As only the blockage
the LONG CENTRE geometry prevents this backflow, it seems to

critical flows a downstream disturbance can propagate upstream pq entirely driven by low pressure in the vortex core.

hence changing the flow patterns there.
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Figure 6: Time-averaged axial velocity profiles in the verte
finder at: (a)z*/R=1.0, (b)z*/R=2.0 and (c)z*/R=3.1.

In figure 7 the swirl numbergS) = (JRwur?dr)/(R [Ru?rdr)

in the vortex finder (averaged in the circumferential dilot

are shown. While most solutions have rather high but almost
constant swirl numbers just aboy8)=2, the low swirl of the
SHORT domain can also be seen. The swirl number drops signif-
icantly in the short vortex finder (cf. figure 2a), indicatisgme
kind of non-settled behaviour. The cases with longer exietu
apparently have a more stable flow pattern owing to the distan
of the exit from the cyclone itself, and hence disturbancés o
inated in the outlet area do not tend to feed back into the main
part of the cyclone chamber.
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Figure 7: Swirl numbeKS) in the vortex finder averaged in
the azimuthal direction at downstream locations; notettieste
values are only determined in the straight part of the eki¢tu

Conclusions

Flow simulations of cyclones with different exit tube geeme
tries have been carried out using detached eddy simulafios.
DES method predicts the main flow properties quite accuyratel
however, depending on the length of the vortex finder two dif-
ferent flow pattern can be identified. In case of a short vortex

finder, flow can enter the domain and alter the dynamics in the
main cyclone chamber resulting in poor swirl velocitiesgh
ometries with a longer vortex finder, these effects do nateari
although even for the geometries which include a bend, sever
flow can occur without any serious consequence on the overall
results.
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