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Abstract

This paper presents an extended mathematical framework for
predicting the removal of hazardous dust and aerosol particles in
multicyclone separators. The governing Navier—Stokes and
particle-tracking equations are discretised with a second-order
INTERNATIONAL finite-volume scheme and solved implicitly. Key performance
SClENTIFC indicators—cut-size diameter d50, overall collection efficiency 1,
and pressure drop AP—are derived analytically and validated
numerically. Expanded results show that, at equal pressure loss, a
multicyclone operating at an inlet velocity of 12 m s™' captures 95
% of particles larger than 5 pm while consuming 22 % less fan

power than an equivalent single cyclone. Figures 1-2 visualise the
influence of particle size and volumetric flow rate on efficiency and
pressure drop.

Keywords: Multicyclone, hazardous dust, particle mechanics, discretisation, CFD,
collection efficiency, cut-size diameter.

Introduction

Particulate emissions from high-temperature process industries—cement kilns, textile dryers,
biomass gasifiers—pose serious environmental and occupational hazards. Fine particles below 10
um are particularly harmful because they (i) remain airborne for long periods, (i1) penetrate deep
into the pulmonary alveoli, and (iii) often adsorb heavy-metal or polycyclic-aromatic compounds.
While electrostatic precipitators and bag filters can achieve sub-micron control, they suffer from
high capital cost, sensitivity to moisture, and large footprints.

Cyclone separators, first patented by Sackett (1886), remain attractive thanks to their rugged
construction and negligible maintenance. The classic single-barrel cyclone, however, trades
efficiency for pressure drop: raising tangential velocity improves centrifugal separation but
quadratically increases AP. A multicyclone resolves this dilemma by splitting the bulk flow into
dozens of small-diameter tubes. Each tube operates at a higher swirl number for the same overall
pressure loss, thereby achieving fine-particle capture at lower energy consumption. Modern boiler
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plants and cotton-gin exhaust systems routinely deploy multicyclones as primary pre-cleaners
upstream of secondary filters.
Despite widespread use, design guidelines still rely on semi-empirical charts (Lapple, Leith—
Lintyk) that fail to incorporate (i) turbulent dispersion, (ii) inter-tube flow mal-distribution, and
(i11) particle re-entrainment. Recent computational-fluid-dynamics (CFD) studies highlight (a)
vortex-core precession, (b) secondary radial flows at the tube bundle entrance, and (¢) fluctuating
wall-pressure fields that dislodge fines. These findings motivate a rigorous discretised model
capable of coupling gas—particle dynamics with realistic boundary conditions.
The objectives of this study are therefore to
1. derive a unified physical model that combines Eulerian gas flow with a Lagrangian particle
phase;
2. formulate a stable, second-order accurate discretisation for coupled momentum and
particle-tracking equations;
3. quantify the sensitivity of dso, 1, and AP to inlet velocity and tube geometry; and
4. benchmark the model against laboratory data and against a single-cyclone baseline.
This section establishes the coupled gas-particle framework that underpins all subsequent
discretisation and simulation work. The formulation is intentionally generic so that it can be
adapted to multicyclones of different tube counts, diameters, and inlet geometries.

Methods

The carrier gas (air at ambient temperature) is treated as an incompressible Newtonian fluid with
constant properties. Turbulence is captured with a Reynolds-Stress Model (RSM) because the
strongly swirling flow inside cyclone tubes exhibits pronounced anisotropy that simpler k — ¢
closures cannot reproduce. The instantaneous velocity field u = (u) + u’ is decomposed into a
mean and a fluctuating part, yielding the RANS form

p((u) - V)(u) = —=V(p) + uV?(u) — V- {pu'u’),V - (u) = 0,

where (pu’u’) is closed by transport equations for the six independent Reynolds stresses plus an
e-like dissipation variable.

Lagrangian tracking of the discrete phase

Particles are sufficiently dilute (mass loading ¢,,, < 0.1 ) that one-way coupling is assumed-i.e.
the gas influences the particles but not vice-versa. Each particle's trajectory x,(t) is obtained from
Newton's second law

dv.
p_
my dt - Fdrag + Fcentrifugal + Fgravity + Flift + Fvirtual

with
e Drag (including slip):

3mud . . .
® Fype = %Cp ((u) — Vp), C. is the Cunningham correction.
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e Centrifugal: Feeppifygar = Mpw X (w X 1) with w the local swirl vector.
e Gravity: m, g.

e Shear-induced lift (Saffman) becomes relevant for d,, < 10um:

Fig = 6.46ud§\/ﬁ(vp — (u)) XV x (u)/|vp — (u)|1/2.

e Virtual-mass and Basset history forces are retained for completeness but contribute <1 %
to acceleration under the present flow regime (Re ~ 5 x 103).
The particle response is parameterised by the Stokes number

_ Tp Uref _ ppdzzJ

St , Ty =
Dupe " P 18u

Ce,

dictating whether particles follow gas streamlines (St << 1) or cross them inertially (St >> 1).
Phase-interaction and wall boundary conditions
e Fluid-particle coupling: momentum exchange appears only as a sink term in the particle
equation (oneway).
e Tube walls: no-slip for the gas; particles undergo inelastic rebound with restitution
coefficient e = 0.1. If the post-impact normal velocity |vy| falls below a threshold
(0.2 m s™1), the particle is assumed to stick and is counted as "captured."
e Inlet plenum: uniform velocity profile (u,, 0,0) with turbulence intensity 5%.
e OQOutlet hat: pressure outlet, zero normal gradient for all transported quantities.

Integral performance metrics
Cut-size diameter ds, is defined implicitly by

Ncaptured (dSO) _

= 0.5,
Ninjected (dSO)

n(dso) =

while total collection efficiency

capt

_ Zi mp'i

Mot = Z in ’
i Mp,i

1s mass-weighted across the injected distribution. Pressure drop follows from Bernoulli control

surfaces:

1
AP = Pinlet,tot - Poutlet,stat = (p + EPUZ) — Pout
in

Two additional similarity parameters guide scale-up:

[ rpugu, dA

1. Swirl number S = [ pu A
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Mtot

AP/pU?

2. Energy-specific efficiency ¢p =

Maintaining constant S and ¢ across diameters ensures geometric, kinematic and energetic
similarity.

Spatial discretisation
e The computational domain—plenum + 60 cyclone tubes—is meshed with polyhedral
control volumes.
e A linear upwind stabilised transport (LUST) scheme ensures second-order accuracy while
damping spurious oscillations at high swirl.
e Grid independence was confirmed by halving the cell size until dso varied by < 1 %. The
final mesh contains 2.3 x 10° cells.

Temporal discretisation
o Transient simulations adopt an implicit three-level backward-difference formula (BDF2).
e The time step is automatically adjusted to keep the maximum Courant number below 0.3,
yielding 2.5 x 10* s for the largest cases.

Pressure—velocity coupling
e The PISO algorithm is combined with an algebraic multigrid (AMG) solver for the
pressure Poisson equation. Convergence is reached when the residual for all variables
drops below 1077.

Particle tracking
e 50 000 representative parcels are released per physical second. A fourth-order Runge—
Kutta integrator evaluates particle trajectories in the frozen-flow field; interpolation uses
tri-linear weights.
o Wall impacts apply a normal restitution coefficient e=0.1 and a tangential sliding model to
capture possible re-entrainment.

Results
The numerical results are summarised in Figures 1-2.
o Figure 1 shows that the collection efficiency curve shifts right as inlet velocity increases,
reflecting the rise in cut-size diameter from 4 pum (12 ms™') to 8 um (18 ms™).
e Figure 2 evidences a gentler pressure-drop slope for the multicyclone relative to a single
cyclone; at 5 000 m® h™! the saving is about 400 Pa.
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Figure 2. Pressure drop as a function of flow rate
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Discussion

The discretised model captures the competing roles of centrifugal force and turbulent dispersion.
While higher velocities favour particle migration to the wall, they simultaneously thicken the
viscous sublayer and increase turbulent back-mixing, explaining the less-than-proportional rise in
efficiency above 15 m s'. The validated cost model predicts a 22 % reduction in fan-specific
energy when a 60-tube multicyclone replaces a 1-barrel separator in a 4 MW biomass boiler line.

Conclusion

An advanced finite-volume/Lagrangian framework has been developed for multicyclone design.
The expanded discretisation strategy enables stable and accurate prediction of collection
efficiency and pressure loss across an industrially relevant parameter space. The tool is
immediately applicable for layout optimisation and for scale-down studies aimed at laboratory
validation.
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