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This paper evaluates the predictive performance of modern Computational Fluid Dynamics (CFD) methods in
cyclone vortex-separation flows. Computer simulations are performed with the Eulerian-Eulerian (E-E) as well
as Eulerian-Lagrangian (E-L) multiphase models, available is STAR-CCM+ CFD solver. Tested momentum
closure strategies included typical two-equation isotropic turbulence models as well as high-order Reynolds
Stress Models (RSM) and Large Eddy Simulation (LES) technique. The calculated results show satisfactory
agreement compared to corresponding Laser Doppler Velocimetry (LDV) measurements and experimental
values for the separation efficiency (n).

1. Introduction

Centrifugal fluid-flow devices are widely used in the industry for the segregation of multiphase flow-mixtures
into their constituent fluid components. Over years in operation, flow cyclones have been continuously
scrutinized in order to gain understanding of the underlying fluid-flow mechanics and their effects in the
separation efficiency of fluid/solid mixtures. The research studies published by Colman et al. (1980), Thew et
al. (1984) and Svarovskyet et al. (1992) encapsulate much of the experimental work done in hydrocyclones,
mainly used for oil refinery processes. Results presented in these reports were primarily concerned with the
migration probability of oil-droplets — the decontamination of the carrier water fluid — as a function of the
operation conditions i.e. Reynolds number (Re), loading volume-fractions (vf) and droplet-size populations. In
some cases, the cyclonic vortex-flow was accessed with LDV inspection techniques (Bai et al., 2009); this
allowed full characterization of the vortex flow, in terms of the mean and fluctuating velocity components, for
different flow-rates and at different sections of the model. Similar experimental studies have also been
published in gas-solid cyclones and swirling tubes (Hoekstra, 2000), typically used in chemical and catalyst
manufacturing plants as well as the food industry.

The results obtained using the aforementioned experimental methods in cyclone flows generated an
extensive database of measurements and test-conditions, useful for developing and validating CFD models.
To overcome the inherited limitations of early analytical methods and mechanistic models (Gomez, 2001),
flow engineers pursued CFD models based on the Navier-Stokes (NS) equations. Computer predictions
using the Lagrangian-particle model are presented and validated in the work of Derksen (2003), against LDV
measurements provided in Stairmand's gas-solid cyclone (Stairmand, 1951). The Eulerian-Eulerian
multiphase approach is adopted in the study of Slot (2013), for the evaluation of the deoiling process in
hydrocyclone separation regimes. Recently, hybrid CFD techniques are also developed which combine
optimization models coupled with two-phase flow solvers, in an attempt to derive high-efficiency cyclone
geometries (Sgrott et al., 2013). In order to capture the highly anisotropic and mixing character of two-phase
vortex flows in cyclones, most of the aforesaid studies employed high-order turbulence models, despite the
overhead computational costs. The significance of turbulent effects in the development of confined vortex
flows gradually shifted research in this topic from the traditional Reynolds-Averaged NS models (RANS) to
LES techniques.
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The work presented is this paper is concerned with the performance of RANS and LES CFD solution
techniques for predicting cyclonic flows. A brief description of two-phase RANS solution models is given in
the next section.

2. CFD models for multiphase flows

The dynamic motions of dispersed phases in a continuous carrier flow can be modelled either by adopting the
two-fluid E-E realization or by considering the discrete E-L approach. In the latter case, the dispersed phase is
simulated by tracking the individual trajectories of discrete particle populations, while in the former method the
flow phases coexist in time and space as interpenetrating continua. The averaged RANS equations in the
context of Eulerian and Lagrangian multiphase flow models are formulated as:

continuity:

d

3 (aipp) + V(aipu) =0 (1M
momentum:

a

7t (aipiwy) + V(aipiuw;) = —a;Vp + aip;g; + Va;7; + F; )

In addition to Eq. (1), the volume-fractions of the multiphase flow must also sum to unity:

2= ®3)
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where a is the volume-fraction, u is the velocity, p the density, p the pressure, g the gravitational acceleration
and the index i denotes the individual flow phases.

In the E-L model, the momentum balance (Eq. 2) for the dispersed-phase is redeveloped to a trajectory
equation for the motion of the discrete homogeneous parcels:

du
D=yt )

where mp is the mass of the travelling particle (e.g. droplet, solid-particle).

Closure of the system of equations requires supplementary models for approximating the flow forces F and
the turbulent stresses 1, acting between the different phases. Contributions in the force-vector term accounted
for flow effects due to drag Fo, lift FLs, virtual-mass Fy and turbulent dispersion Frp.

For realizing the effective eddy-diffusivity of turbulent two-phase flows, different turbulence models can be
used. Usually, this part of the flow is treated with two-equation isotropic turbulence models, therefore adopting
the Boussinesq approximation for the eddy viscosity. This reduces the problem to two transport equations,
one for the turbulent kinetic-energy k and one for its dissipation rate €. On the other hand, RSM methods
account for the directional sense of each of the individual turbulent stresses, as a function of the local
pressure-strain as well as the rotation of the flow. RSM models restore the anisotropy of turbulent eddies at
the expense of six extra differential transport-equations. For increasingly complex flows the aforementioned
RANS CFD models are not always successful. Numerical methods which developed to cope with such
situations, are designed to resolve rather than model the length and time scales of mixing eddies. The
principle behind these techniques is the decomposition of the instantaneous flow-field into large-scale and
sub-grid contributions, by applying an LES filter. Modelling of the unresolved part — the small-scale dissipating
eddies — is performed with the so-called Smagorinsky sub-grid scale model (SGS). Based on the eddy-
viscosity assumption, SGS models provide the turbulence stresses of the traceless part, needed for closure,
as a function of the strain-tensor and the grid-size filter A. Mathematical formulations and modelling details
regarding the aforementioned turbulence models are covered in the work of Launder et al. (2002).

The turbulent multiphase models described in this section are tested for different parametric flows in cyclone
separators; the simulated boundary conditions and the geometric details of the examined cyclone models are
discussed in the forthcoming paragraphs.

3. Parametric single-phase and multiphase simulations in cyclones

The CFD simulation scenarios performed in this work covered different modelling aspects of cyclonic flows. In
details the tested solution models and flow conditions are summarized in Table 1. Information regarding the
design, boundary types and the discretized physical solution domain are illustrated in Figure 1.
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Starting from the top of Table 1, the first-set of validation simulations engaged the E-E multiphase method in
order to replicate the flow behaviour of a single-phase gas cyclone (Figure 1 a), using two identical fluids.
Parametric tests for this case examined the solution effects of different turbulence models and multiphase
volume-fractions for realizing the continuous gas flows. The results from this study are compared against
available LDV measurements, which captured the mean flow-field at different spatial locations (Figure 3). The
second series of simulations in Table 1, examined Stairmand's cyclone model (Figure 1 b) for single-phase
flow conditions as well as for two-phase gas-solid mixing regimes, using the E-L solver. Single-phase
calculations demonstrated the usefulness of the LES method in this types of flows, while the two-phase runs
simulated the interactions developing between the mean flow and particles of different sizes (Dp=1-10 pm). As
in the previous cases, the obtained predictions are validated against corresponding LDV experimental results
(Figure 4) and measured values for the collection efficiency (mouti/min,). The third case listed in Table 1 is
concerned with multiphase validation calculations performed in Colman's oil-water hydrocyclone (Figure 1 c).
In this example, both the E-E and E-L models are employed for predicting the separation of the two-phase
flow, as a function of different oil-droplet sizes (Dp=20-100 um). For benchmarking purposes the obtained
calculations are plotted alongside to equivalent experimental values for the grade efficiency of the dilute oil
phase (Figure 5).

Table 1: Parametric simulation cases; solution models and flow conditions.

Cyclone Solution Multiphase Turbulence Boundary Flow phase(s)
model grid model model conditions volume-fractions
1) Stairmand 0.6M to 1M Uin=20 m/s air-air: 50% - 50%
(without bin) poly &hexa E-E ke & RSM Pout =1 bar  air-air: 20% - 80%
2) Stairmand ™ Uin= 20 m/s A Mo
(with collection bin) hexa E-L RSM & DES Pout = 1 bar solid: 1.0%
3) Colman 13M E-E&E-L RSM Un= 6 m/s oil: 1.0%
hexa Pout = 1 bar

In all cases the solution domain is discretized with fine hexahedral cells, ranging from 0.6M to 13M elements.
The properties of the working air, oil and water fluids are taken in standard state conditions. The results of the
undertaken parametric study in cyclone flows are analyzed and discussed in the next sections.

a) Stairmand gas cyclone (w/o bin) b) Stairmand gas-solid cyclone c) Colman oil-water hydrocyclone

Pout= Uin= ?
1 bar 6 m/s
Uin=
20 m/s :
0.06 m :
- e by e :
20 mls 029m
0.205 m
1.5m
permeable
wall wall

Figure 1: Cyclone models; geometric characteristics, discretized solution domain and boundary conditions.

4. CFD Results

The first test-case studied in this report analysed the vortex-flow developing inside a modified gas cyclone,
based on Stairmand’s design. In this model the downstream collection bin is removed and instead the cyclone
is sealed with a wall boundary (Figure 1 a). Results from this case are shown in Figure 2 and Figure 3. The
behaviour of the vortex gas-flow inside Stairmand’s cyclone is realized by looking at the instantaneous
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pressure field, developing at different time-steps (Figure 2). Apparently, the core of the forming vortex inside
the cyclone swings from side to side, following a transient ‘dancing’ motion.

1500 p (Pa) =108

Figure 2: Instantaneous single-phase flow solution-steps; scenes showing volume-rendered pressure-drop
contours and recirculating flow streamlines in the vortex-core region (iso-surface).

Despite the fact that this problem can be effectively treated as steady-state, the unsteady nature of this flow is
also evident from the mean flow contours and spatial LDV plots shown in Figure 3. Instead in this case the
flow was iterated for 3 s — in steps of 1 ms — and the mean solution was averaged over a period of 2 s. The
resulting time-averaged velocity-profiles (Figure 3 b) indicated the decay of the vortex-flow as it evolves further
downstream (z=0.59 m), and more importantly exposed solution sensitivities to turbulence modelling. Overall,
the RSM predictions appear to capture the development of the vortex flow, both at locations where the flow
swirl is at peak levels (z=0.32 m) but also further downstream where part of the recirculation degenerates to
small-eddies at the walls. On the contrary, the two-equation realizable turbulence model (RLZ) appears rather
diffusive, especially as the flow converges towards the sealed-exit at the bottom of the cyclone (z=0.59 m).
Satisfactory results are also predicted when the multiphase E-E RSM technique is used in order to mimic the
single-phase flow. In this case the gas-phase is substituted by two identical fluids, assuming different vf
concentrations. The velocity distributions calculated for the latter parametric tests displayed excellent
agreement with the respective single-phase results and LDV measurements, irrespective of the input vf
analogy for representing the equivalent phases.

a) Mean pressure & axial-velocity b) Mean axial-velocity
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Figure 3: Time-averaged flow results; contours showing mean pressure and axial-velocity variables and plots
of the spatial velocity distribution at different sections superimposed with LDV measurements.

Flow calculations for Stairmand's cyclone are presented in Figure 4. This part of the analysis is mainly focused
on the separation dynamics of solid particles as it occurs inside the vortical gas flow. The two-phase flow is
simulated using the one-way coupled E-L model, given that the concentration of the particle-phase accounts
only for 1 % of the total vf. The background single-phase flow, which serves for extrapolating information at
each parcel location, is time-averaged over a simulation period of 3 s. For these transient calculations the
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RSM approach is pursued in conjunction with a second-order upwind scheme. In addition, the LES model is
also tested for single-phase flow conditions. The predictions provided by the LES method appear to be
remarkably close to the LDV measurements for the mean tangential velocity (Figure 4 a). The dynamic
response of the solid-particles in this type of flow is illustrated in Figure 4 b. In these contour plots the
predicted relative positions and trajectories of discrete particles are shown, for different diameter sizes. As
expected, larger particles seem to accumulate inside the collection bin, while particles with smaller diameters
are captured in the vortex core and carried towards the top exit. According to experiments (Hoekstra, 2000),
the separation efficiency of the two-phase mixing regime is measure to be 25.7 % (Dp=10 pm) and 100.0 %
(Dp=1 um) respectively. The respective values predicted by the E-L particle solver are 24.3 % and 99.9 %.

a) LES Single-phase flow; mean tangential velocity b) RSM Lagrangian flow
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Figure 4: Spatial mean tangential velocity profiles superimposed with LDV results and particle trajectories.

Two-phase flow simulations in Colman’s hydrocyclone, using the one-way coupled E-L model as well as the
E-E two-fluid approach are presented in Figure 5. In this case, the multiphase mixture consists mainly of water
and low-concentrations of oil droplets, 1 % by volume. As done in the previous Lagrangian calculations, the
continuous liquid flow is uncoupled from the dispersed phase; instead the integration of the droplet trajectories
is calculated over the time-averaged solution of the liquid phase. The E-E simulations are treated as time-
dependant, fully-coupled calculations. In both case, turbulence effects are resolved with the RSM model.

a) Oil vf for different droplet sizes Dp b) Collection efficiency
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Figure 5: Two-phase Eulerian and Lagrangian flow calculations; scenes showing volume-rendered contours of
the dispersed oil phase volume-fraction and plots of the predicted separation efficiency superimposed with
corresponding experimental measurements.

In Colman's cyclone, the oil and water fluids enter the domain tangentially from the two side inlets at a speed
of 6 m/s. Separation of the mixture begins when the flow is promoted to a fully developed vortex. The suction
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of the vortical flow captures the larger droplets, which get trapped inside the low-pressure core. Smaller
droplets manage to escape the attraction of the vortex and continue their journey downstream, following the
decelerated flow near the wall. This situation is confirmed by the E-E and E-L model predictions as illustrated
in Figure 5 a. Looking at the way the flow is distributed inside the cyclone it becomes apparent that the lighter
oil fluid prefers to live mainly at the vortex core region. The heavier water component exists at the periphery of
the vortical eye, which eventually is discharged at bottom clean exit of the cyclone. Effective decontamination
of the oil depleted water occurs when the oil droplets increase in size (100 ym). This behaviour is also
confirmed by the calculated values of the separation efficiency (Figure 5 b). In fact, both models indicated an
asymptotic rise of the separation efficiency, for increasing droplet diameter sizes. Compared to the
experimental results, both multiphase solution techniques appear to be satisfactory accurate.

5. Conclusions

In this study parametric single-phase and two-phase flow calculations were performed in different cyclone
separator models, using the STAR-CCM+ CFD solver. The predicted cyclone flow-field revealed the formation
of transient vortex structures, which frequently performed cyclic oscillations. Time-averaged calculations using
the RSM and LES methods matched accurately LDV measurements of the tangential and axial velocity
variations of the unsteady vortex flow, at different spatial locations. On the contrary, isotropic turbulence
models diffused the extent and the rotational speed of the developing cyclone vortex. Calculated multiphase
results regarding the separation efficiency of the tested cyclone geometries were also found to be consistent
with corresponding experimental values and in agreement between the E-E and E-L solvers. Overall, the
utilized CFD techniques proved to be a valuable design tool for resolving turbulence characteristics, vortex
mixing dynamics and particle-flow interactions in internal cyclone flows, under different operation conditions.
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