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Abstract
This paper addresses the theoretical development and experimental validation of optimized recirculating reverse-flow gas cyclones. The
simulation of these systems is based on the predictive properties of a finite diffusivity model, modified to include partial recirculation of the
cyclones' emissions.
Experimental validation was obtained at laboratory and pilot scales at low temperatures (up to 350 K) and for cork waste biomass boilers at
higher temperatures (up to 600 K). Under certain circumstances, with recirculation, the proposed system showed a better performance than an
online pulse jet bag filter, and substantially better than with multicyclone systems. The generally observed unexpected high collection of
submicron particles, which occurs with inlet concentrations as low as 100 μg/m3, is attributed to turbulent dispersion, either by promoting fine
particle capture by larger ones, much like what occurs in recirculating fluidized beds, or by bringing fine particles near the cyclone wall.
The extremely fine particle size distributions exiting from the recirculation system, as measured off-line at laboratory, pilot and industrial
scales, were confirmed at pilot scale using online measurements through a laser monitor.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Optimized cyclones; Recirculation; Turbulent dispersion; Fine particles

1. Introduction
Cyclones are gas–solid separation devices used in a wide
variety of industries, mainly for the recovery of raw or process
materials, as collectors for compliance with particulate emission
limits, and as primary collectors for reducing the burden on
more expensive secondary collectors. Cyclones are especially
attractive for operation at high temperature and/or pressure,
where the development of highly efficient devices, especially
for fine particles below 2–3 μm in diameter, could have a
significant impact in the chemical processing industries [1].
Obtaining high efficiency (HE) cyclones has been essentially
an empirical task. However, due to the large dimension of the
problem (an 8-degree of freedom problem for optimizing a
single reverse-flow cyclone), cyclone improvement through
empirical design has been at best moderately successful [4].
⁎ Corresponding author. Tel.: +351 225081644; fax: +351 225081632.
E-mail address: rsalcedo@fe.up.pt (R.L.R. Salcedo).
0032-5910/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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The present work deals with the performance evaluation of
numerically optimized reverse-flow gas cyclones (RS_VHE
geometry, VHE standing for Very High Efficiency), which were
designed by solving a numerical optimization problem [2–6].
At the same time, a recirculation system within a collector-first
approach, viz. with the reverse-flow cyclone (collector) placed
upstream of the straight-through cyclone (concentrator), has
also been implemented [6–8]. These systems have been studied
at laboratory (≈ 1 m3/h), pilot (≈ 103 m3/h) and industrial (≈ up
to 5 × 104 m3/h) scales.
Previous work [8] shows that cut-points, i.e. particle size
captured with 50% efficiency, of 0.3–0.4 μm can be achieved
with recirculation systems at laboratory scale with very fine inlet
distributions even at very small concentrations (b 100 mg/m3).
This paper shows results obtained on the capture of fine lime at
laboratory scale, and on three full-scale facilities replacing both
multicyclone banks and an online pulse jet bag filter.
For typical emissions from cork and wood waste boilers
(median volume diameter ≈ 8–12 μm), the results obtained
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show that these systems produce, even at industrial scale,
extremely fine particle size distribution emissions to the stack
(median volume diameter ≈ 1.5 μm). These fine distributions
were confirmed by measurements conducted online at a pilot
scale recirculation facility.
2. Optimized reverse-flow gas cyclone and recirculation
system
With the purpose of designing a VHE cyclone, a numerical
problem was set-up whereby collection efficiency should be
maximized subject to several geometric and operating constraints. Previous work [4,9,10] showed that the finite
diffusivity simulation model for particle capture under cyclone
flow due to Mothes and Löffler [11] gives fair agreement with a
large range of experimental grade efficiencies obtained by
different authors. Thus, this model was retained as an adequate
simulator for cyclone performance, within the framework of
performing the numerical optimization of its geometry [4]. The
particles' turbulent dispersion coefficient, which is a parameter
in the Mothes and Löffler model [11], was predicted for new
and unforeseen geometries (which are generated by the
numerical optimization code) through an empirical relation
between the radial Peclet and Reynolds numbers [3]:
Pep ¼ 0:0342 Re1:263
p

where Pep ¼ wdp =Dr is the radial particle Peclet number, Dr is
the radial dispersion coefficient and Rep = ρdpw / μ is the radial
particle Reynolds number. Details of the optimization problem,
of the numerical procedure and the resulting cyclone geometry
can be found elsewhere [2,4,5].
One way to increase cyclone collection efficiency beyond
improving its design is to promote partial recirculation with a
straight-through cyclone concentrator. The straight-through
cyclone has a tangential inlet for promoting swirl, and both a
tangential and axial exits. The tangential exit redirects some
particles that escape the reverse-flow cyclone back to it, while
the remainder escapes to the atmosphere through the axial exit.
A strong swirl is induced in the recirculator as observed by the
need to place a vortex breaker downstream of the recirculator, if
for example one wishes to measure velocity profiles at that
location.
The proposed recirculation system ([6–8], see Fig. 1) differs
from those available before [12], since it locates the collector
(reverse-flow cyclone) upstream from the concentrator (straightthrough cyclone). Recirculation is promoted by some means,
such as by a venturi for laboratory scale or by a blower or ejector
for industrial scale and high temperature applications. The proposed collector–concentrator sequencing has a global efficiency
(η), which depends on the collector and concentrator efficiencies, respectively ηc and ηs, given by:
gc
g¼
1−gs þ gc gs

Fig. 1. Geometric model for proposed recirculation system.

ð1Þ

ð2Þ

The system efficiency (η) will be larger than that of the
reverse-flow cyclone (η c), since it is only required that

η s(ηc − 1) b 0, which is always verified. It can also be shown
[6,7] that the proposed system is always more efficient than
the concentrator-first arrangement [12], as long as the individual
in-loop efficiencies (collector and concentrator) are the same in
both systems.
To model the recirculation system, the reverse-flow cyclone
(collector) was approached as a cylinder with the same internal
volume as the actual cylinder-on-cone cyclone, such as
proposed by Mothes and Löffler. Details are here omitted and
can be seen on the original work of these authors [11]. To model
the straight-through cyclone (concentrator), the flow is divided
in a tangential flow returning to the collector and in an axial
flow escaping to the atmosphere (i.e., stack). The overall proposed geometric model is seen in Fig. 1, where the original
nomenclature as used by Mothes and Löffler [11] has been
retained for an easier understanding. Due to conciseness, only
the differing aspects between modeling the concentrator vs. the
collector will be given here.
Let the entry volumetric flow rate at the concentrator be V ˙0
with an inlet particle concentration C0. The tangential velocity
distribution follows a similar radial dependence as for the
reverse-flow collector. However, since the cone section does not
exist anymore, the parameter K that accounts for the exchange
of angular momentum between the wall and the gas is given by:
K¼

mua
n
md

ð3Þ

where ξ is an apparent friction coefficient (≈ 0.007 for smoothwalled cyclones), νφa is the tangential velocity near the wall
owing to the vena contracta in the entry region, and νd is the
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: 
V0
pra2 . Vena contracta is introduced in the
concentrator much like in a tangential inlet reverse-flow cyclone.
This work neglects frictional drag on the gas due to the presence
of solids, both suspended and collected on the wall.
Fig. 1 shows the concentrator divided into 4 distinct regions.
Contrary to what happens in the reverse-flow cyclone model,
the entry flow divides and now takes two paths: the exiting axial
central flow, and the recirculating peripheral flow, that exits
tangentially. The total flow entering the concentrator, V˙0, is thus
given by V ˙0 = V ˙2 + V ˙4, where V ˙2 = rrV ˙0 and V ˙4 = (1 − rr)V ˙0, with
rr the ratio of the recirculating flow over the total flow entering
the concentrator.

mean barrel velocity

2.1. Entry region — 1
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physical separation from the gas, and this simply means the
returning flow from region 2.
2.4. Region of axial central flow (discharge to stack) — 4
In this region,
dC4
þ DC4 ðzÞ−EC2 ðzÞ ¼ 0
dz

ð7Þ

If ω(ri) ≥ νr(ri) then D = D′ + E′ and E = D′, otherwise D = D′
and E = D′ − E′. The constants D′ and E′ are obtained by:
DV¼

2pri Dr
2pri
; E V ¼ : ½xðri Þ−mr ðri Þ
:
ðra −ri Þ V 4
V4

ð8Þ

Eq. (7) may be rewritten as:

In the entry region, particles move downwards with the gas,
and approach the wall at their terminal velocity. The pertinent
equations are exactly those of the reverse-flow cyclone, except
for ra⁎ (cylindrically equivalent cyclone radius) being substituted by ra.

dC4 þ DC ðzÞ
4
C2 ðzÞ ¼ dz
E

ð9Þ

Differentiating once and substituting C2(z) and dC2/dz in
Eq. (7):

2.2. Region of axial peripheral flow — 2

d2 C 4
dC4
þ ðAD−BEÞC4 ðzÞ ¼ 0
þ ðD þ AÞ
2
dz
dz

Here, particle concentration is determined by wall deposition
and also by convective and diffusive exchanges with region 4.
The net direction for convective particle flow
depends on both
qdp2 m2u ðri Þ
the particle terminal
velocity
xðr
Þ
¼
and gas radial
i
:
18lri
V4
. The diffusive flow is determined by the
velocity mr ðri Þ ¼
2pri h
particles' concentration gradient between both regions and by
the particles' dispersion coefficient. Thus


: dC2
C2 ðzÞ−C4 ðzÞ
¼ −2pra xðra ÞC2 ðzÞ þ 2pri −Dr
V0
ra −ri
dz
þ 2pri ½xðri Þ−mr ðri ÞC4 ðzÞ
ð4Þ

This is a second-order linear equation whose characteristic
equation has roots:
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

 s

DþA
DþA 2
k1;2 ¼ −
−ðAD−BEÞ
ð11Þ
F
2
2

where Dr is the particle turbulent dispersion coefficient. This
equation can be simplified by writing:
2pra xðra Þ
A ¼
: ; B V ¼ 2prDr: ;
V0
ðra −ri ÞV 2
2pr
½xðr
Þ−m
ðr
Þ
i
i
CV¼
: r i i
V2

ð10Þ

Particle concentration in regions 2 and 4 are defined by the
general forms:
C4 ðzÞ ¼ R1 exp½k1 ðz−ssÞ þ R2 exp½k2 ðz−ssÞ
C2 ðzÞ ¼

1
E

ð12Þ

R1 k1 exp½k1 ðz−ssÞ þ R2 k2 exp½k2 ðz−ssÞþ
DfR1 exp½k1 ðz−ssÞ þ R2 exp½k2 ðz−ssÞg
ð13Þ

V

ð5Þ

C4 ðssÞ ¼ C1 ðssÞ and C2 ðssÞ ¼ C1 ðssÞ

ð14Þ

one obtains:

giving:
dC2
þ AC2 ðzÞ−BC4 ðzÞ ¼ 0
dz

With the boundary conditions:

ð6Þ

If ω(ri) ≥ νr (ri) then A = A′ + B′ and B = C′ + B′, otherwise
A = A′ + B′ − C′ and B = B′.

R1 ¼ C1 ðssÞ−R2 and R2 ¼ C1 ðssÞ

E−D−k1
:
k2 −k1

ð15Þ

2.5. Collection efficiency of the cyclone concentrator
The removal (concentration) efficiency is simply given by:

2.3. Region of particle capture — 3
Particle capture for the concentrator means particles that are
returned to the cyclone with the tangentially recirculated gas
flow, and that do not escape with the axial flow. Thus for the
concentrator there is truly no region of particle capture, i.e.,

:

C4 ðz ¼ H−sÞV 4
gs ¼ 1−
C0 V 0

:

ð16Þ

Despite the obvious similarities between the model described
above for the concentrator and the model of Mothes and Löffler
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Fig. 2. Average inlet and outlet Ca(OH)2 distributions at recirculation system.

for a reverse-flow cyclone [11], both providing analytical solutions, the model for the entire system is coupled through a
varying particle size distribution at the reverse-flow cyclone
(collector) inlet, thus requiring some sort of numerical approach.
The adopted solution is a direct iterative procedure, whereby the
particle size distribution is changed in each pass through the
collector and concentrator. Convergence is assumed if the
change in mass at the outlet distribution becomes lower than a
pre-specified low value, viz. 0.01%, and typically only a few
iterations (≈10) are needed. We examine below the behavior of
the proposed recirculation system at both laboratory and full
scales, and compare it with predictions from the above model.
3. Laboratory scale experiments
The laboratory scale experiments were performed at ambient temperature on a variety of fine dusts using a 0.02 m
diameter RS_VHE design. Due to the very small flows involved (≈ 1 m3/h), recirculation was achieved by a small
ASME venturi (0.002 m throat diameter).
The hydrated lime test dust (Riedel-de-Haën, lot 31219,
minimum Ca(OH)2 of 96% and maximum CaCO of 3%) has a
median volume diameter of 2.3 μm, specific gravity 2350 kg/m3,
and was injected from a Wright dust feeder [13] at flow rates
varying from 2.28 to 4.80 × 10− 4 m3/s, and inlet concentrations
of 0.5 to 1.0 g/m3. These correspond to cyclone mean inlet
velocities between 7 and 15 m/s. To avoid the presence of large

Fig. 3. Grade efficiency curves for Ca(OH)2 (η_1 at 2.5e− 4 m3/s; η_2 at
3.2e− 4 m3/s; η_3 at 4.0e− 4 m3/s; η_4 at 4.8e− 4 m3/s).

agglomerates at the test cyclone inlet, a 0.07 m diameter
Stairmand HE de-agglomerating cyclone was placed upstream
of the test cyclone.
Fig. 2 shows that all particles fed to the test cyclone are
below 10 μm in diameter, and that particles above about 4 μm
are completely removed. Particle size distributions were analyzed off-line down to 0.04 μm using a Coulter LS 230 laser
sizer, after ultrasonic re-dispersion in ethanol.
Fig. 3 shows the grade efficiency curves obtained at different
flow rates, where about 10–14% of the airflow was recirculated.
It is clear that very high collection efficiencies were obtained,
especially at the higher flow rates. The abnormal collection of
very fine particles (below about 0.6 μm) had been observed
before with RS_VHE and other HE cyclones, with and without
recirculation, at both pilot and full scales for the capture of fine
sulphanilic acid [6], as well as in larger diameter (≈1 m)
cyclones and smaller diameter (≈ 0.20 m) multicyclones at
biomass boilers [8]. This is attributed to capture of small particles by larger ones in the turbulent cyclone flow field, much as it
happens in recirculating fluidized beds [14].
Fig. 4 shows a typical grade efficiency curve, together with
the predictions from the complete collector–concentrator
model. The agreement is very good down to about 1 μm, but
the model over predicts collection between 0.6 and 1 μm, and
clearly under predicts collection below 0.6 μm, most probably
due to fine particle capture by larger ones, as referred above.
Grade efficiency curves were obtained sampling the total
dust entering and exiting the recirculation system on GFA
filters, and by weighing the filters on an analytical balance after
proper drying. Thus, problems with anisokinetic sampling,
which may occur with very small diameter sampling lines, were
avoided.
While it may be argued that insufficient re-dispersion of fines
from the Wright dust feeder, viz. agglomeration, is probably
responsible for the general shape of the grade efficiency curves
for submicron particles, experimental evidence at both laboratory, pilot and industrial scales shows that this is not so, as
discussed in the next sections.
It should be stressed that no attempt was made to fit the
turbulent dispersion coefficient in the model (Dr ) in order to get
a better fit with the experimental values, and thus the value
directly obtained from Eq. (1), computed for the median volume

Fig. 4. Experimental and predicted grade efficiency for Ca(OH)2 at 2.5e−04 m3/s.
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size, was employed. Fig. 5 shows that the global collections are
under predicted, once more due to un-accounting in the model
for the very high collections observed for particle diameters
below about 0.6 μm, which in this particular case represent a
sizeable mass fraction of the dust input to the cyclone.
4. Industrial scale experiments
4.1. Collection of sulphanilic acid and biomass boiler fly ash
A pilot scale test rig made up by one 0.45 m diameter
RS_VHE cyclone (collector) and corresponding straightthrough cyclone (concentrator) was installed at a manufacturer
of sulphanilic acid. The test rig was run in parallel with a bag
filter that collected the fines escaping from a process cyclone,
which recycles the product to a fluidized bed dryer. The pilot
system was designed to handle up to ≈ 1000 m3/h of process gas
and ≈ 500 m3/h of recirculation gas, and particles at the test rig
inlet had a size distribution with 17 μm median volume diameter
and about 6% b 1 μm. More details on the pilot rig can be found
elsewhere [6,8]. The pilot recirculation system showed larger
collection (≈ 99.4%) than the pulse jet bag filter (≈ 98.7%), and
significantly larger than a competing high efficiency (HE)
cyclone available on the marketplace (≈ 96.9%). Actually, the
RS_VHE cyclone alone, without recirculation, clearly outperformed the HE cyclone and showed efficiencies up to 98.9%,
viz., similar to the pulse jet bag filter. The recirculation system
showed complete collection for particles above 8–10 μm [6].
Based on the excellent results of the pilot experiments, a fullscale facility of twelve 0.50 m cyclones and two concentrators
was built for the recovery of sulphanilic acid from 14,000 m3/h at
340 K, replacing the online pulse jet bag filter. A typical grade
efficiency curve and the model predictions can be seen in Fig. 6.
The recirculation fraction was kept at about 20%. Global
collection reached 99.64% [6], with emissions in the range of
40–70 mg/Nm3, mostly depending on inlet concentration. Once
more, the model over predicts collection for a range of particle
sizes (≈ 2–6 μm), and strongly under predicts below about 2 μm.
Fig. 6 shows that the recirculation system is more efficient than
the bag filter above about 3 μm, but also for extremely fine
particles (b 0.4 μm).

Fig. 5. Experimental (±95% c.i.) and theoretical efficiencies for lime at varying
flow rates.

Fig. 6. Grade efficiencies for sulphanilic acid (concentration = 7.73 g/m3,
recirculation = 21.3%).

Since it was not possible to simultaneously perform sampling at both inlet and outlet of the systems, grade efficiency
curves were obtained by isokinetic sampling at the system outlet
(bag filter or recirculation system) and by simultaneously measuring the captured dust, using a process balance (precision ±
1%). Thus, errors due to sampling the inlet and outlet at
different times, viz. at possible different process concentrations,
were avoided. Particle size distributions were measured off-line
for all samples using a Coulter LS230.
The dusts captured by the recirculation system and by the
bag filter show all particle sizes present in the feed (see
Ref. [6]), and since very fine particles are systematically
absent from the emissions of the recirculation system but
present on those of the bag filter, it must be concluded that fine
particle capture occurs in the recirculation system by a
mechanism that is absent (or not significant) in the bag filter.
This is thought to be the capture by larger particles in the
cyclone turbulent flow field, much like what occurs in
recirculating fluidized beds [14]. For these high concentrations, it is known that fine particle capture is also strongly
affected by the so-called mass loading effect, where a fraction
of the incoming feed is removed unclassified in or before the
inlet to the cyclone [15,16]. However, the mass loading effect
shifts the entire grade efficiency curve upwards, so that there is
a more or less uniform improvement in the collection of all
particle sizes due to the effect of solid loading [15]. We show
below that fine particle capture is also very high for much
lower inlet concentrations for biomass boiler fly ash, both at
pilot and industrial scales, and for airborne dust at pilot scale,
thus apparently corroborating that turbulent particle dispersion
could well be the dominant mechanism.
Biomass boiler emissions derived from cork and wood
waste are very fine, typically with median volume diameters at
10–12 μm and with up to 10% submicrometer. Several
RS_VHE recirculation facilities have been built for cork
waste boilers with 0.50–0.70 m diameter cyclones, up to
50,000 m3/h at 600 K. These systems have replaced single
cyclones or multicyclone banks, which typically show efficiencies at the 40–60% level [8]. Global collection for the
recirculation system for this application, with recirculated gas
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fractions of about 30%, is typically in the range of 93–96%,
with emissions safely below 100 mg/Nm3.
Grade efficiency curves obtained at two of the cork waste
boilers and corresponding model predictions can be seen in
Fig. 7. Once more, the model over predicts collection for a range
of particle sizes, especially for the larger 0.70 m cyclones, and
strongly under predicts below about 3–4 μm. Fig. 7 also shows
that the multicyclone grade efficiencies are much lower than
those from the optimized RS_VHE cyclones and corresponding
recirculation system.
5. Emission particle size distributions
All grade efficiency curves reported above have been computed based on particle size distributions that were measured
off-line, using a Coulter laser sizer with ultrasonic dispersion in
an appropriate liquid (ethanol). It is important to know if these
particle size distributions measured off-line are representative,
and thus, if the computed grade efficiencies are meaningful.
To test this assumption, some experiments were conducted at
a pilot scale test rig, similar to the one used for the sulphanilic
acid experiments described above. The test powders were fine
milled phosphorite (mean volume diameter = 12.5 μm) and
wood waste ash (mean volume diameter = 11.2 μm), which were
fed with a Topas 410H belt-driven venturi particle feeder. The
particle feeder was calibrated by isokinetic sampling with GFA
filters, and distributions sampled at the cyclone inlet were
measured off-line with a Coulter sizer. Since these are identical
to those of the bulk powders, it can be concluded that preferred
particle deposition has not occurred upstream of the cyclone
inlet. Simultaneous measurements at the clean side (stack) were
performed using isokinetic gravimetric sampling on GFA filters
followed by off-line sizing by a Coulter LS 230, and by
isokinetic sampling using an online Grimm 1.108 laser monitor.
This last device gives near instantaneous number distributions
in 15 size channels, down to 0.27 μm, converted to mass
distributions by appropriate calibration factors (the default factor, corresponding to a particle density of 2800 kg/m3 was
retained since this density is similar to that of phosphorite,
2750 kg/m3 or wood boiler ash, 2790 kg/m3).

Fig. 8. Inlet and outlet distributions at pilot-scale recirculation system.

Fig. 8 shows typical inlet and outlet distributions obtained
using phosphorite and wood waste ash, all measured by the offline Coulter sizer. Both systems show a remarkable decrease in
particle size after passing the recirculation system, and basically
all particles above 6–8 μm have been removed from the gaseous
stream. These results agree with those previously reported at full
scale.
Fig. 9a and b show good agreement between the emissions'
particle size distributions obtained by the off-line and online
methods, both for phosphorite and wood–waste ash. However,
the bimodality observed with the emissions from the wood–
waste ash, and clearly seen in Fig. 8, is much more marked in
the Coulter off-line measurements. These figures also show that
the median size of the volume distribution exiting to the stack is
extremely fine, with median volume diameter ≈ 1 μm.
Obviously, the good agreement on the emissions' particle
size distributions by both the online and off-line methods is in
no way proof that there are no agglomerates at the cyclone
inlet, where concentrations are much higher. Unfortunately, the
Grimm monitor could not be used in the full-scale cyclone
plants due to the presence of acid gases and to temperature
limitations (b323 K). Neither can it be used to measure inlet
concentrations commonly encountered in cyclones, even if
operated at ambient temperature, viz. in the pilot scale cyclone,
both due to concentration (b100 mg/m3) and particle size
(b 20 μm) constraints. Thus, grade efficiencies could not be
fully determined for the pilot station for normally encountered
concentrations based entirely on the online Grimm monitor
information, but only on the Coulter off-line sizer.
Furthermore, there is some evidence that the Grimm monitor
under predicts emissions with a relative error as large as 25%,
since particles captured in the probe walls are not accounted for,
contrary to the gravimetric isokinetic sampling, where the probe
walls are flushed with an appropriate solvent. Thus, in order to
use the Grimm monitor effectively for measuring emissions
from the pilot station, prior calibration with isokinetic gravimetric sampling seems necessary.
6. Interpreting the shape of the grade efficiency curves

Fig. 7. Grade efficiencies for two cork waste boilers (concentrations b 1 g/m3,
recirculation = 30–33%; 1: 0.50 m cyclones and model (–); 2: 0.70 m cyclones
and model (2 2); 3 and 4: multicyclones.

Several researchers have obtained grade efficiency curves in
cyclones that show a minimum in collection, the so-called hook-
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Fig. 9. a — outlet off-line and in-line distributions for phosphorite. b — outlet
off-line and in-line distributions for wood–waste ash.

like or duck-tail curves [15–22]. These are variously attributed
to a number of different factors, such as poor dispersion from
powder feeders, collection of fine particles by larger ones in the
cyclone turbulent flow field, turbulent particle dispersion bringing small particles to the cyclone wall, fine particle misplacement to the underflow due to blockage of their movement
towards the inner vortex by larger particles, electrostatic forces
and mass loading effects as discussed above.
We have shown before that these curves occur under a variety
of different conditions: at laboratory scale using a Wright dust
feeder [13], that compacts the dust prior to re-dispersion; at pilot
scale using a Topas 410H belt-driven venturi particle feeder
without dust compaction prior to re-dispersion; and at industrial
scales where there are no particle feeders at all. The minima in
the grade efficiency curves occur at moderately high (8 g/m3)
but also at low (b 1 g/m3) concentrations, and for a variety of
different dusts, that probably have quite different interparticle
forces.
It is unquestionable that if agglomeration occurs prior to the
cyclone inlet, then smaller weight fractions of finer particles
should be found in an online analysis as compared to off-line
ones, due to a better dispersion in the liquid suspension in the
latter [21]. While it cannot be ruled out that agglomeration prior
to the cyclone inlet due to the particle feeder, when it exists,
may be contributing to these minima, another more general
hypothesis is here considered, viz. the role of turbulence, either
by promoting collection of fine particles by larger ones
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[14,23,24] or by transporting fine particles to the cyclone wall
[22].
Mao and Edwards [14] have studied the agglomeration in
circulating fluidized bed absorbers, since a potential side benefit
of these devices is the capture of fine particulate matter present
in the flue gases by larger sorbent particles. These authors have
built a model for particle agglomeration, considering different
types, such as caused by brownian motion, by mean shear stress
and by turbulence. For sorbent particles within 10–1000 μm
(average radius 76 μm) and fine particles within 0.1–10 μm
(average radius 2 μm), they found that turbulence is by far the
main cause for fine particle losses to larger particles, and that
this dominates over fine interparticle collision.
Hoffmann et al. [22] have generated grade efficiency curves
by CFD and Lagrangian particle tracking, and studied the factors influencing the shape of these curves, comparing them with
experimental data. This data includes hook-like (or duck-tail)
grade efficiency curves, despite the fact that the test dust was
premixed with a dispersant before being dispersed in compressed air through a sand blasting nozzle, at moderate solid
loadings (5–20 g/m3). These authors put forward the hypothesis
that turbulent dispersion, which is stronger for smaller particles,
may bring these to the cyclone wall, where they are collected.
Both models used predict a minimum in the grade efficiency
curves, despite the fact that neither the shape of the curve nor
the position of this minimum is well predicted. These authors
then conclude that the shape of the tailing in the experimental
curves is probably due to small particles being collected as
agglomerates, but the uncertainty remains if these are formed in
the cyclone or never being broken up in the feed.
Chi and Sommerfeld [23] have modeled turbulent particle
transport and particle collision and agglomeration, using a stochastic Lagrangian agglomeration model. For particles in the
range 1–20 μm, these authors state that after a short time (5 s),
most of the particles below 5 μm have been collected by the
larger particles, concluding that the probability of agglomeration between large particles is zero, but it is very high between
small and large particles. Using as model parameters turbulence
intensities typical of cyclone collectors, and initial particles
within the range 1–62 μm, they concluded that after about
0.02 s all particles below 10 μm were collected by the larger
particles, and that the smaller the particle density the larger the
rate of agglomeration.
Sommerfeld and Chi [24] have applied the stochastic Lagrangian agglomeration model [23] to a 190 mm standard cyclone, predicting that small particles are collected by larger
particles, and therefore separated.
All experimental grade efficiency curves shown so far in this
work were obtained using an off-line laser sizer, since, as
explained above, the in-line laser monitor could not be used
with typical inlet concentrations, neither at the operating conditions of industrial processes. To experimentally validate that
small particles are indeed collected in the recirculating cyclones
with much higher efficiency than expected, and that this is
neither an artifact of the off-line measuring technique nor of
poor dispersion prior to the cyclone inlet, two simple experiments were conducted with airborne particles in the pilot scale
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test rig described in Section 5. The idea is that by using airborne
particles, no feeder is employed, and since inlet concentrations
are very low, typically below 150 μg/m3, then mass loading
effects are certainly absent. Under these low loads, the in-line
laser sizer can be used for both inlet and outlet concentration
measurements, bypassing the need to use liquid dispersion. The
only drawback of this method is that it was not possible to
simultaneously measure the inlet and the outlet, although all
care was taken to accept measurements that showed a near
constant size distribution and concentration at both sampling
ports over an appreciable length of time (about 1 h). This is
needed since there is no actual control over airborne particle
concentration and/or its size distribution.
Fig. 10a shows the inlet distributions for the two experiments, Fig. 10b shows the corresponding outlet distributions
and Fig. 11 the corresponding grade efficiency curves, together
with model predictions.
Fig. 10a shows that the mass size distributions of these
two experiments are similar, with median mass diameters at
1.76–2.27 μm, and about 37% submicrometer, at inlet concentrations from 56–136 μg/m3 . Since the density of these
airborne particles is not known, it was assumed that they are
road and soil eroded particles, and a density of 2200 kg/m 3
was assigned to them. This is needed by the laser monitor for
conversion to a mass-basis measurement, but also by the
model. Thus, the size distributions should be considered only
as approximate, as different particle sizes can have different
chemical composition and thus different density.

Fig. 11. Grade efficiency curves for airborne dust model at 9.5 m/s (–); model at
14 m/s (–).

Fig. 10b shows that the outlet distributions are very different,
with a much finer distribution at higher velocity (0.29 μm
median mass diameter against 0.85 μm), corresponding to a
much higher global collection efficiency (80.4% against 70.7%).
In these experiments the recirculation fraction (rr) was kept at
about 34%, and a higher collection should be expected at higher
velocities [6].
Fig. 11 shows that, below 2.5 μm, the experimental grade
efficiencies are much larger than predicted by the model, and
that the deviations are stronger for the higher gas velocity. The
experimental curves show a minimum at submicrometer sizes,
deviating to a smaller particle size at higher gas velocity.
From the possible causes of the high collection of fine particles
discussed above, only two appear to be possible under these
experimental conditions: collection by larger ones in the cyclone
turbulent flow field, or turbulent particle dispersion bringing small
particles to the cyclone wall. It is also evident that much research
still needs to be done before a definite conclusion can be made.
7. Conclusions
This paper presents results obtained at laboratory, pilot and
industrial scales of the behavior of numerically optimized gas
cyclones, when coupled to a partial recirculation system within
a collector (reverse-flow cyclone) upstream from the concentrator (straight-through cyclone). The following conclusions can
be taken:

Fig. 10. a — inlet in-line distributions for airborne dust. b — outlet in-line
distributions for airborne dust.

i) Grade efficiency curves for the recirculation system were
generated by extending the Mothes and Löffler model
[11] to the concentrator, and the agreement with experimental data is reasonable when the particles' turbulent
dispersion coefficient is estimated through an empirical
relation [3], except for fine particles, which are collected
to a much higher extent than predicted.
ii) The generally observed high collection of fine particles is
attributed to their capture by turbulent dispersion by
larger particles within the cyclone flow field, similar to
what occurs in recirculating fluidized beds [14]. However,
agglomerates at the cyclone inlet cannot be ruled out, and
further experiments should be conducted to determine to
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iii)

iv)

v)

vi)

vii)

what extent these might contribute for the observed minima in the grade efficiency curves.
The proposed systems are much more efficient than
multicyclones operating in waste biomass boilers, despite
the fact that multicyclones have much smaller diameters.
The results so far obtained open the applicability of these
devices to collection efficiencies typical of more costly
de-dusters, such as online pulse jet bag filters and electrostatic precipitators. However, the results also suggest
that this will only occur for fine particles if the particles to
be removed have a relatively wide size distribution,
otherwise the fine particles will not have larger particles
to act as collection targets in the turbulent flow field. For
high inlet dust concentrations such as occurring in the
sulphanilic acid experiments, the collection mechanism of
fine particles may be dominated by the mass loading
effect [15].
Particle size distributions measured at the clean (stack)
side of the recirculation system show a good agreement
between online and off-line measurements, and an excellent agreement between median volume diameters, which
are in the range of 1 to 1.5 μm.
Emissions computed with an online monitor may be in
error, since particles that are lost to the probe walls are not
accounted for.
Experiments at pilot scale with airborne dust at very low
concentrations (≈100 μg/m3) show that fine particle
collection, below about 2.5 μm, is also much higher than
theoretically expected, with a minimum in the submicron
range. This seems to indicate that turbulent dispersion
plays an important role in determining fine particle collection for cyclone recirculating systems, either by fine
particle capture by larger ones [14,23,24] or by bringing
fine particles near the cyclone wall [22].

List of symbols
dp
h
l
ra
ra⁎
ri
rr
s
ss
νd
νr
νφ
νφa
Ci
Dr
H
K

Particle diameter, m
Height of cylinder portion of reverse-flow cyclone (or
length of region 4 in concentrator), m
Natural cyclone length, m
Cyclone or concentrator radius, m
Equivalent radius for cylindrical model of reverse-flow
cyclone, m
Vortex radius (or radius in region 4), m
Recirculation fraction
Vortex height (or axial length height in concentrator),
m
Axial inlet length in concentrator, m
Mean barrel velocity, m.s− 1
Radial gas velocity, m.s− 1
Tangential velocity, m.s− 1
tangential velocity near the wall, m.s− 1
Particle concentration in region i, kg.m− 3
Particle turbulent dispersion coefficient, m2s−1
Total cyclone and concentrator height, m
Angular momentum parameter

Pep
Rep
V ˙i
ρ
ρp
μ
ξ
ω
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Particle radial Peclet
Particle radial Reynolds
Volumetric flow in region i, m3 s−1
Gas density, kg.m− 3
Particle density, kg.m− 3
Gas viscosity. kg.m− 1s− 1
Apparent friction factor
Particle (radial) terminal velocity, m.s− 1
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