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a b s t r a c t

The purpose of this work is to build a model to predict in a more realistic way the collection efficiency
of gas cyclones, and in particular, of numerically optimized cyclones, that show very high collection
efficiencies for sub-micrometer particles. These cyclones can be coupled to recirculation systems for
further improving the collection efficiencies of these fine particles.

As a first approach, in this paper a reverse-flow gas-cyclone without recirculation was studied. The
model starts by solving the particle trajectory in a predetermined flow field inside the cyclone on which
turbulence is superimposed by adding random fluctuating components. By employing a fixed set of
parameters, it determines if a collision or an agglomeration occurs. In case of agglomeration, the initial

particles will have a dynamic behavior inside the cyclone as an newly formed agglomerate, thus having
a different collection efficiency from that of the original particles. In fact, the observed efficiency will
increase above theoretical predictions for un-agglomerated particles and this can be observed in various
experimental results.

The hypothesis of particle agglomeration within the cyclone turbulent flow seems a sound justification
for the higher than predicted collection efficiencies observed for smaller particles in a gas-cyclone, being

tion t
expectable with recircula

. Introduction

Collection efficiency models currently developed for gas
yclones, such as the Mothes and Löffer’s model [1], can predict
ith good accuracy the collection efficiency of particles with diam-

ters above about 2–3 �m.
Experimentally, several authors have observed at laboratory,

ilot and industrial-scales [2–10] that cyclone systems can have
uch higher collection for fine particles (below about 3 �m) than

redicted by classical models, viz. grade-efficiency curves may
how a minimum in collection at an intermediate particle size
ranging from about 0.8 to 2 �m). Since these hook-like curves
o not always occur [2,7], the phenomenon, whatever its cause,
s probably dependent on the physical properties of the powders,
n the gas flow field inside the cyclone or on both.

Muschelknautz’s model [7,11–13] predicts, at high solid load-
ngs, a fairly constant value of collection efficiency for the smaller

Abbreviations: PACyc, particle agglomeration in cyclones; PSD, particle size dis-
ribuition.
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hat this effect will become even more significant.
© 2010 Elsevier B.V. All rights reserved.

particles, since it is postulated that a portion of the feed is separated
unclassified, but it does not predict the abnormal high collection
for fine particles observed for dilute systems at low or moderate
loadings (feed concentrations 1–10 gpowder/m3

gas).
This work proposes that this abnormal behavior for fine par-

ticles is attributed to agglomeration within the cyclone turbulent
flow field, as initially postulated by Mothes and Löffler [14], much
as it happens in recirculating fluidized beds [15,16]. This phe-
nomenon is modeled by considering the particles’ trajectories
inside the cyclone and the probability of interparticle collisions. If
some of these collisions result in effective particle agglomeration,
one of the direct implications is that the particle size distribution
actually processed by the gas cyclone differs from the feed size
distribution, increasing the overall collection efficiency for these
systems.

Upon agglomeration of fine particles by larger ones, the smaller
particles will be captured as much larger particles, viz. with much
higher collection efficiency than that predicted by any of the cur-
rently available models. If the cyclone is highly efficient above about
2–3 �m, i.e., above 90–95% collection, as it indeed happens with

high efficiency cyclone systems, and especially with recirculation
systems and numerically optimized cyclones [2,9], then the smaller
particles will also be collected with these high efficiencies, and
this could explain the minima observed in many grade-efficiency
curves. As a direct consequence, the more efficient the cyclone

dx.doi.org/10.1016/j.cej.2010.06.025
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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Nomenclature

a gas entry height (m)
A Hamaker constant (J)
b gas entry width (m)
C mass concentration (kg m−3)
cD drag coefficient
cT Lagrange constant
D cyclone diameter (m)
Dnew new agglomerate diameter (m)
dp particle diameter (m)
dp,i diameter of particle i (m)
dtrun cut-off diameter class
DA diameter of particle A (m)
DB diameter of particle B (m)
Db particle exit diameter (m)
DC diameter of particle C (m)
De gas exit diameter (m)
Dfinal,i is the last of the final diameters that belongs to class

i
Dinitial,i is the first of the final diameters that belongs to class

i
Dr radial turbulent dispersion
e energetic restitution coefficient
f friction factor
f(�r)i longitudinal correlation coefficient in direction i
fc collision frequency combining turbulent inertia and

differential settling
f Brown
c collision frequency only by Brownian difusion

fn,i fraction of class i in non-cumulative number distri-
bution

fw,i fraction of class i in non-cumulative mass distribu-
tion

gi acceleration in direction i (m s−2)
g(�r)i tranverse correlation coefficient in direction i
H cyclone height (m)
Hc cyclone cylinder diameter (m)
hz equivalent height of cylinder gas cyclone (m)
INFO structure with all identification of i particles that

shifted to j class
k turbulent kinetic energy (m2 s−2)
kB Boltzmann constant (J K−1)
K angular momentum parameter
mtotal total mass particle inside the gas cyclone (kg)
Nc total number of collisions
Nclasses total number of classes
Nfinal last of the final number of diameters belonging to a

class
ni,j number of particles initially belonging to class i that

shifted to class j
ninjected,i number of particles of class i injected in control vol-

ume
Ninitial first of the final number of diameters belonging to a

class
noriginal,i number of particles in proportion in class i
np,i number of particles in class i
nreal,i actual number of particles in class i
Nslices number of slices
N(0, 1) random number (standard normal distribution)
Pcollision collision probability
ppl material limiting contact (Pa)
Pep radial particle Peclet number
r radial coordinate (m)
rw external radius of the cyclone (m)

RE,i(�r) Eulerian part of turbulent correlation function
Rp,i(�t, �r) turbulent correlation function in direction i
RL(�t) Lagrangian part of turbulent correlation function
Rep particle Reynolds number
ReR

p radial particle Reynolds number
ss distance of the gas exit to the top of the cyclone (m)
t instant of time (s)
TL Lagrangian integral time scale (s)
ud downward gas velocity inside the cyclone (m s−1)
ufluid,i fluid velocity component in direction i (m s−1)
un

fluid,i
fluid velocity component in direction i in time step

n (m s−1)
un+1

fluid,i
fluid velocity component in direction i in time step

n + 1 (m s−1)
ur

fluid
radial fluid velocity proposed by Mothes and Löffler

(m s−1)
ut

fluid
tangential fluid velocity proposed by Mothes and

Löffler (m s−1)
ut,∗

fluid
tangential fluid velocity after vena contracta effect

(m s−1)
uN

p,i
velocity component in i direction of particle N

(m s−1)
ur radial fluid velocity (m s−1)
U(0, 1) random number (uniform distribution)
vcr critical velocity (m s−1)
Vcontrol control volume’s volume (m3)
Vcyclone cyclone volume (m3)
Vfluid total fluid’s volume in the control volume (m3)
Vparticles total particle’s volume in the control volume (m3)
Vparticles,injected volume of the injected particles (m3)
xN

p,i
position of particle N in i direction (m)

z0 contact distance (m)
˛ ratio between fluid and particle volumes
ˇ entry parameter
�r displacement (m)
�t time step (s)
� cyclone cone angle (rad)
�final

i
collection efficiency of particles belonging to class i
proposed by Mothes and Löffler

�final,∗
i

final collection efficiency after agglomeration of a
particle belonging to class i

�slice
i

collection efficiency of particles belonging to class i
in each slice

�slice,∗
j

final collection efficiency after agglomeration of a
particle belonging to class j per slice

� fluid viscosity (kg m−1 s−1)
� collision angle (rad)
� specific gravity of the fluid (kg m−3)
�F mean fluctuation of fluid velocity at the particle

position (m s−1)
	 mean residence time (s)
ε dissipation velocity of turbulent kinetic energy

(m2 s−3)
−−−→ufluid fluid velocity (m s−1)
−−→unew new agglomerate velocity (m s−1)−→
uN

p velocity of particle N (m s−1)
−→up1 particle 1 velocity after collision with no agglomer-

ation (m s−1)
−→up2 particle 2 velocity after collision with no agglomer-

ation (m s−1)
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Table 1
Ratio between Sommerfeld and Brownian collision rates for the smaller diameters.

fc
f Brown
c

Collider diameter (�m)

0.135 0.265 0.350 0.450 0.575 0.725 0.900 . . .

Target diameter (�m)
0.135 9 0 0 0 0 0 0 . . .
0.265 20 43 0 0 0 0 0 . . .
0.350 35 67 90 0 0 0 0 . . .
0.450 36 76 109 143 0 0 0 . . .
J. Paiva et al. / Chemical Engin

or (unaglomerated) particles above about 2–3 �m, the more pro-
ounced will the hook-like grade-efficiency curves become.

. PACyc model—particle agglomeration in cyclones

The PACyc model (Particle Agglomeration in Cyclones) was
eveloped to predict the phenomenon of particle collection in
everse flow cyclones by taking into account the agglomeration
henomenon in turbulent flows.

.1. Introducing the PACyc model

The purpose of the PACyc model is to predict cyclone collection
fficiency, both grade and global, in reverse-flow cyclone collec-
ors, as stand-alone units or within recirculation systems [2], and,
n particular, for a cyclone geometry that was obtained through
umerical optimization [17].

In the PACyc model, for purposes of interpretation, there are
wo types of particles: target and colliders. Only binary (two-body
article-to-particle) interactions are allowed, and all diameters are
onsidered as target particles, provided collider particles are not
arger than the target particles.

In terms of its main constituents, the PACyc model adopts the
othes and Löffler model [1] as a good estimate for the collection

fficiency of particles of any diameter. This model is used to build
baseline for the grade-efficiency curves, i.e., without agglomera-

ion. The Mothes and Löffler model has as unknown parameter the
articles’ turbulent dispersion coefficient, which is here calculated
ccording to Salcedo and Coelho [5]. For this, an analogy is made
etween turbulent dispersion of the solid phase in cyclone flow
nd turbulent dispersion processes in flows through packed beds.
he empirical expression used to calculate the turbulent dispersion
oefficient is shown in Eq. (1),

ep = 0.0342 (ReR
p)

1.263
(1)

here Pep = ur dp / Dr is the radial Peclet number, Dr is the radial
ispersion coefficient and ReR

p = � dp ur/� is the radial particle
eynolds number.

After building the baseline curves, PACyc couples the model
roposed by Sommerfeld [15,18] to obtain the modified (final)
rade-efficiency curves. These steps are explained below.

.2. Reverse-flow cyclone efficiency estimation

There are several models available to predict the collection effi-
iency in reverse-flow gas-cyclones. Previous work [3,19,20] has
hown that the Mothes and Löffler model [1] gives, on average, the
est agreement with available data. Thus, this model was retained
s the model used to predict grade-efficiency in cyclones, in the
bsence of particle collision/agglomeration.

The main hypothesis assumed in the Mothes and Löffler model
re:

The cyclone flow-field is divided in 4 parts: the entrance area,
the downstream flow region, the re-entrainment region and the
region of upstream flow;
The tangential velocity depends only on the radial coordinate and
not on the axial coordinate;
The particle motion is determined as the sum of a random move-
ment (due to the gas turbulence) and a deterministic movement
(due to the flow of particles in the centrifugal field);

For the removal of particles from the gas, particles entering the
upward inner vortex are lost. Particles colliding with the cyclone
wall are captured;
Reentraiment of already deposited particles from the conical part
is essentially due to the increasing turbulent back mixing of
0.575 51 115 149 199 247 0 0 . . .
0.725 44 152 221 276 359 434 0 . . .
0.900 156 207 337 422 542 651 755 . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . .

particles near the cyclone bottom. Reentrainment was however
ignored in the present paper.

In order to determine the collection efficiency, a mass balance
is established between the region of escaping particles (upstream
flow) and the entry area.

2.3. Interparticle agglomeration

The agglomeration effect taken into account in PACyc is based
on the Sommerfeld model [15,18] of particle agglomeration in tur-
bulent flows.

In purely viscous or transitional flow, submicrometric particle
agglomeration is mainly due to Brownian diffusion [21] and an
expression to determine the collision rate by this mechanism is
given in Eq. (2), proposed by Smoluchowski (as quoted by Elimelech
[22]),

f Brown
c = 2 kB T

3 �

(dp,1 + dp,2)2

dp,1 dp,2
(2)

where kB is Boltzmann’s constant, T is the absolute temperature, �
is the fluid dynamic viscosity and dp,1 and dp,2 are the particles
diameters for a binary interaction.

However, in turbulent flows such as those occurring in gas
cyclones, this is not so. Sommerfeld [15] proposes that in a Eule-
rian/Lagrangian referential as all particles are larger than the
turbulent length scales involved in the agglomeration process,
turbulent inertia and differential settling (shear) are the relevant
mechanisms for particle collision. The collision frequency (fc) of
one particle (i.e. np,i = 1) with diameter dp,i and velocity −→up,i with all
other particles with diameter dp,j and velocity −→up,j can be calculated
according to the kinetic theory of gases using Eq. (3).

fc = Nc

np,i
=

Nclass∑
j=1

�

4
(dp,1 + dp,2)2

∣∣∣∣−−→up,1 − −−→up,2

∣∣∣∣np,j (3)

The main assumptions (proposed by Sommerfeld [15,18]) associ-
ated with the use of Eq. (3) are the following:

• The particle number concentration is small enough that the
occurrence of binary collisions prevail;

• On the other hand the particle concentration must be large
enough to allow a statistical treatment;

• The velocities of the colliding particles are not directly correlated.

To verify which collision mechanism is dominant, Table 1 shows
a sample of the ratio between Sommerfeld’s collision frequency

[15] (Eq. (3)) and Brownian diffusion collision frequency (Eq. (2)).

Considering the ratios presented in Table 1, it is possible to con-
clude that the results of the combined mechanisms proposed by
Sommerfeld [15] is clearly dominant over that for Brownian diffu-
sion.
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cal parameters such as the fluid and particle specific gravities and
the relative velocity between the particle and the fluid. The drag
coefficient (CD) is obtained using a standard correlation given in
Fig. 1. Grade-efficiency for B

In order to test the hypothesis of Brownian agglomeration being
esponsible for the higher than predicted collection efficiency of the
maller particles, a simulation was made (in the conditions of our
xperiments), considering Brownian diffusion as the only agglom-
ration mechanism. Fig. 1 shows the results of this simulation and it
s possible to conclude that for our hypothesis, Brownian agglomer-
tion is a phenomenon that does not explain, by itself, the observed
ehavior of the finest particles.

Also, previous simulation work in fluidized-beds [16], with par-
icle number concentration similar to the ones in our systems, has
hown that change in the fine particle number density distribution
ue to agglomeration by Brownian motion can be neglected when
ompared to the corresponding change due to turbulence/shear
even for particles as small as 0.2 �m in diameter). Recently,
ipowsky and Sommerfeld [23] and Sommerfeld and Lain [24] also
eglect Brownian agglomeration when predicting cyclone collec-
ion with interparticle agglomeration.

Another evidence to support neglecting Brownian diffusion can
e found in Elimelech [22], since for agglomeration by this mecha-
ism to be relevant in reducing the particle number concentration,
very appreciable time (of the order of the 1000 time contants) is
eeded. In our case, for a 25 �m target particle and for an 0.135 �m

njected particle, this translates in ≈20 s and this is the best sce-
ario for Brownian agglomeration. For 0.135 �m target particles,
his time would increase to ≈900 s. Considering the fact that in the
tudied system, the maximum contact times of the particles inside
he gas cyclone is less than 1s, Brownian agglomeration has insuf-
cient time to be relevant, and was thus ignored in the present
ork.

Fig. 2 is a representative outline of the proposed agglomeration
lgorithm.

One of the initial steps of this analysis is that the model should
valuate a control volume equal (in size and shape) to the cyclone
nder study. Considering that the Mothes and Löffler [1] model
roposes as a simplification a volume-equivalent cylindrical gas-
yclone, the control volume used in PACyc has the same volume
ut not the same geometry as the real gas-cyclone.

The model starts by assuming particles that enter the cyclone to

e uniformly distributed in the annular space between the cyclone

nner wall and the vortex finder outer wall. Since the Mothes and
öffler model proposes that collection efficiency is independent of
he axial coordinate, it was assumed that the 3D control volume
an be represented by a 2D control surface.
ian induced agglomeration.

The data used by PACyc is arranged in 4 groups: geometric data
(geometry of the system), operation data (operating conditions,
such as pressure, temperature, gas flow rate, . . .), particle informa-
tion (characteristics of particles such as mass distribution, specific
gravity, . . .) and interaction data (interaction step, interaction end-
time, . . .). Each of these groups has a different impact on the final
result, but the geometric and operation data are mainly used to pre-
dict the initial efficiency, while part of the particles’ data and the
interaction data are used for the agglomeration impact on the final
collection efficiency.

The model starts by calculating the fluid velocity in the control
volume, and then studies the trajectories of each individual particle
injected in this control volume.

Following the Sommerfeld model, Eq. (4) solves the particle tra-
jectory explicitly while Eq. (5) calculates the particle velocity. In
this work, the DDASPK solver [25] was used to integrate these
equations. These calculations are directly related to some physi-
Fig. 2. Representation of the interparticle agglomeration model.
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q. (6), and the particle’s Reynolds number (Rep) is given by Eq. (7).

dxN
p,i

dt
= uN

p,i N = 1 . . . Nparticles (4)

duN
p,i

dt
= 3

4
� cD

�p dN
p

(ufluid,i − uN
p,i)

∣∣∣∣∣∣−−−→ufluid − −→
uN

p

∣∣∣∣∣∣ + gi N = 1 . . . Nparticles

(5)

D =
{

24
Rep

(1.0 + 0.15 Re0.687
p ), Rep < 1000

0.44, Rep ≥ 1000
(6)

ep =
�

∣∣∣∣−−−→ufluid − −→up

∣∣∣∣dp

�
(7)

n this work we only consider that the gas phase influences the solid
hase, viz. a one-way coupling. Meier and Mori [26] have shown,
or a solids’ volume fraction of 3.38 × 10−6, that two-way coupling
educes the tangential velocities, but even near the cyclone wall,
here the solids volume fraction is larger (between 2.0 × 10−3 and

0−2), the difference is quite small (about 0.3 m s−1 reduction in the
angential velocity). Considering that for all cases reported in this

anuscript (including the experimental cases) the volume frac-
ion of solids is between 2.0 × 10−6 and 6.7 × 10−6, it is plausible to
onsider all our systems as dilute, justifying the one-way coupling
trategy.

Solving Eqs. (4)–(7) in a predetermined flow field leads each
article to have a deterministic behavior in the control volume.
owever, for the PACyc model, turbulent random fluctuations are

uperimposed to this predetermined flow field. Obviously, using a
ifferent predetermined gas flow field will yield different grade-
fficiency curves, due to the different baseline grade-efficiencies.
othes and Löffler [1] estimate the radial dependence of the

angential velocity by the cyclone geometry and wall roughness
hrough Eq. (8),

r
fluid =

ut
fluid

(r)/(rw)[1 + K(1 − (r)/(rw))]
(8)

here the tangential velocity at the external radius of the cyclone
ody is given by Eq. (9).

t
fluid = ud

f hz

[(
0.25 + f hz uw

ud

)0.5

− 0.5

]
(9)

or Eqs. (8) and (9), the relations (10)–(14) are applied.

d = Q

� r2
w

(10)

∗
w = Q

� a b ˇ
(11)

= −0.204
b

rw
+ 0.889 (12)

z = a

hz

[
2� − arccos[(b)/(rw) − 1]

2� − 1

]
+ h

rw
(13)

≈
ut

fluid

ud

[
1 + f

sin �

]
(14)
dditionally, the variation of the tangential velocity with the axial
oordinate is not considered, as this dependence is very weak
1,27].

To introduce turbulence into the system, using the Sommerfeld
odel [15,18], the fluid velocity is updated, in consecutive time
Journal 162 (2010) 861–876 865

steps and at each position, according to Eq. (15),

un+1
fluid,i

=un
fluid,i Rp,i(�t, �r)+

∣∣un
fluid,i

∣∣√1−[Rp,i(�t, �r)]2 × N(0, 1)

(15)

where N(0, 1) is a random number generated from a standard nor-
mal distribution. The first term on the right-side represents the
correlated part and the second term the random contribution to
the velocity fluctuation. The correlation function (Rp,i(�t, �r)) is
composed of a Lagrangian and an Eulerian part, in order to account
for the crossing trajectories in the case when gravity is considered,
and is shown in Eq. (16),

Rp,i(�t, �r) = RL(�t) × RE,i(�r) (16)

where the index i stands for each of the component x and y direc-
tions. For the Lagrangian auto-correlation function, an exponential
form is selected, as shown in Eq. (17).

RL(�t) = exp
(

−�t

TL

)
(17)

In this equation the Lagrangian integral time scale (TL) is deter-
mined from Eq. (18), and the mean fluctuation of the fluid at the
particle’s position (�F) is given by Eq. (19), as defined from kinetic
theory.

TL = cT
�2

F

ε
, cT = 0.4 (18)

�F = 2 k

3
(19)

The spacial correlation of the individual velocity components for
two arbitrary points in space can be obtained by the Eulerian cor-
relation tensor (Re,ij(�r)) (using Eq. (20)), by using the longitudinal
(f(�r)) and transverse (g(�r)) correlation coefficients, given by Eqs.
(21) and (22).

RE,ij(�r) = [f (�r)i − g(�r)i]
ri rj

r2
+ g(�r)iıij (20)

f (�r)i = exp

(
− �r

LE,i

)
(21)

g(�r)i =
(

1 − �r

2LE,i

)
exp

(
− �r

LE,i

)
(22)

The integral length scales for each direction were determined by
Eq. (23), considering stream-wise component as x and transverse
component as y.

LE,x = 1.1 TL �F , LE,y = 0.5 LE,x (23)

All the parameters associated with turbulence are taken into
account in the value of the turbulent correlation function Rp,i(�t,
�r) which is bounded to [0, 1]. As a short explanation of the impact
of this variable in the final fluid velocity field, if Rp,i(�t, �r) has
a value near one, the velocity of the fluid is highly correlated in
consecutive time steps, so turbulence is low and the fluid veloc-
ity has almost a deterministic behavior. However, if Rp,i(�t, �r)
has a value near zero, the velocity autocorrelation function decays
quickly to zero, implying a strong turbulent flow and consequent
almost random behavior of the fluid velocity between consecutive
time steps.
After obtaining the particles’ trajectories in turbulent flow, a
statistical criteria (collision probability) is used to determine if a
collision occurs between two particles.

The probability of collision is essentially the number of collisions
within a time step, and is calculated as the product of the time step
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Fig. 3. Geometrical variable identification in cyclone.
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t and the collision frequency, as given by Eq. (24),

collision = �

4
(dp,1 + dp,2)2

∣∣∣∣−−→up,1 − −−→up,2

∣∣∣∣Np�t (24)

here dp,1 and dp,2 correspond to the particles’ diameters,∣∣−−→up,1 − −−→up,2

∣∣∣∣ is the euclidean norm of the relative velocity and
p is the total number concentration.

The model compares the collision probability with a random
umber U(0, 1) generated from a uniform distribution, and consid-
rs that a collision occurs when U(0, 1) < Pcollision.

In the absence of collision, each particle is reinjected in the next
ime step with its velocity unmodified.

In the case of collision, an energy criterion is used to decide
hether the result of the collision is an agglomerate. Considering

nly Van der Waals forces, the critical velocity (vcr) is determined
y Eq. (25),

cr = 1
dp,2

√
1 − e2

e2

A

�z2
0

√
6ppl�p

(25)

here e is the energy restitution coefficient, A is the Hamaker con-
tant, z0 is the contact distance and ppl is the material limiting
ontact pressure, all of these assigned by default with the values
roposed by Sommerfeld [15,18].

The model proposes that an agglomerate is formed when the
ormal relative velocity (

∣∣∣∣−−→up,1 − −−→up,2

∣∣∣∣ cos �) is not larger than the
ritical velocity.

Otherwise, the model considers momentum conservation and
alculates the new velocities of the two resulting particles after
nteraction.

If agglomeration occurs, the model calculates the size of the new
luster and its velocity, taking into account not only momentum but
lso mass conservation. As a simplification, a spherical agglomerate
with the mass of both particles) is considered as the outcome of
he agglomeration process.

All the particles are injected in a combinatorial way, where the
inary interactions are randomly analyzed in each time step, updat-

ng the fluid velocity and the particles’ positions. Typically, each
inary interaction takes about 10 ms per 100 particles, 300 ms per
000 particles, 30 s per 10k particles and 400 s per 100k particles

n an AMD 3.0 GHz Dual-Core Athlon 64bits processor. This
rocess is repeated until the final time of interaction, defined by
he combination of geometrical and operation data, is reached.

.3.1. Control volume definition
The cyclone standard configuration is presented in Fig. 3.
The control volume taken into account corresponds to the region

ccupied by the outer vortex, as given by the gray region of Fig. 4.
he main impact of neglecting the inner core is on the reduction of
he contact time of the particles.

It is assumed that particles that eventually end-up in the inner
ortex, become unavailable for collisions, and thus, are not rele-
ant in promoting agglomeration and in increasing the collection
fficiency for the smaller particles. Thus, these particles are not
einjected in the cyclone in the next time step. The collisions that
ould eventually occur in the inner vortex are neglected, by con-

idering their collision probability equal to zero.
The particles that reach the outer wall of the cyclone are also

onsidered unavailable for collisions being also assigned a null col-
ision probability. Thus, particle rebound at the cyclone walls is not
llowed.
To circumvent the simplification of the separation in the cyclone
eing independent of the axial coordinate, the gas-cyclone can be
ivided in a user-defined number of slices. Each slice is assigned
base collection efficiency, i.e., without agglomeration, in such a
ay that the overall efficiency summed over all slices corresponds
Fig. 4. Setting the volume control (outer vortex and slices).
to the overall collection efficiency proposed by Mothes and Löffler
[1].

Hence, the final control volume is as shown in Fig. 4, and the slice
collection efficiency is given by Eq. (26), obtained by analogy with
a limiting reactant conversion in a cascade of CSTRs. In this case,
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Considering the example of two particles of class 1 (any diame-
ter can in principle be class 1) colliding and forming an agglomerate,
this agglomerate has a diameter that most probably does not exist
in the initial number distribution. The newly created diameter is
then identified as belonging to an (n + 1)th size (where n is the num-

Table 2
Example of discretization of results after pre-processing.

D (�m) fw % fn % nreal noriginal ninjected

cuf-off
ninjected

random

0.115 0.60 84.641 6.5E+11 314,026 1154 1134
0.265 0.24 2.767 2.1E+10 10,265 37 43
0.350 0.33 1.651 1.2E+10 6126 22 27
0.450 0.69 1.624 1.2E+10 6027 22 20
0.575 3.44 3.882 2.9E+10 14,403 52 55
0.725 1.71 0.963 7.4E+09 3571 13 19
0.900 4.34 1.277 9.8E+09 4738 17 15
1.250 16.80 1.845 1.4E+10 6846 25 27
J. Paiva et al. / Chemical Engin

he base grade-efficiency curves per slice are considered equal for
ll slices, and the final efficiency has the value proposed by Mothes
nd Löffler [1].

slice
i = 1 − (1 − �final

i
)
1/Nslices (26)

his approach allows a more detailed study of particle collection in
he gas-cyclone, allowing particles to escape along the inner vortex
t any cyclone height, and particles to be collected as a function
f axial distance. At the present state of development Nslices is a
ser-defined parameter. The effect of this parameter on the final
redicted grade-efficiency curve will be given in Section 3.3.1.

.3.2. Preprocessing and new particle constitution
The mass distribution that enters the cyclone is first converted

o a particle number frequency distribution.
The model starts by calculating the mass of particles in the con-

rol volume (Vcyclone) present at the beginning. The cyclone volume
s calculated by:

cyclone = � D2 Hc

4
+ �(H − Hc)(D2 + D Db + D2

b
)

12
(27)

aking into account the mass concentration of particles (C), the total
ass of particles in the cyclone (mtotal) is given by:

total = Vcyclone × C (28)

n order to determine the actual number of particles of each particle
ize (nreal,i) in the cyclone (Eq. (29)), it is necessary to consider the
nitial mass distribution (fw,i), the average diameter of each class
dp) and the particles’ specific gravity (�p), either assuming that
articles are spherical and non-porous or that the size distribution

s a Stokesian distribution.

real,i = fw,i mtotal

� d3
p,i

�p/6
(29)

t this stage, due to the very high number of particles inside the
as-cyclone, to avoid CPU and memory insufficiency, two sim-
lifications were introduced. Maintaining the proportion among
lasses, the number in each size class (noriginal,i) which will be used
n the calculations is obtained assigning a single particle to the class

ith the smallest number of particles. In mathematical terms, this
ransformation is given by Eq. (30).

original,i = nreal,i

min(nreal,i; i = 1 . . . Nclasses)
, i = 1 . . . Nclasses (30)

ith the original number, and using Eq. (31) the relative number
istribution is determined.

n,i = nreal,i

Nclasses∑
i=1

(nreal,i)

(31)

he second simplification is introduced at this stage in order to
urther decrease the number of particles. Two different strategies
re possible:

To define the maximum injected diameter in the control volume
(defined here as the cut-off diameter belonging to dtrun class);
To define the number of representative particles through a ran-
dom sampling.

Considering the cut-off diameter, the number of particles of each

lass to be injected in the control volume (ninjected,i) is determined
y Eq. (32).

injected,i = nreal,i

nreal,dtrun

(32)
Journal 162 (2010) 861–876 867

Considering the second approach, i.e., the number of representative
particles being sampled from the original distribution, several num-
ber distributions can be generated according to random sampling
of the original number distribution. Both strategies are equivalent
provided the cut-off diameter or the total number of sampled par-
ticles is not too small.

Regardless of which strategy is followed, it is necessary to adapt
the control volume in order to maintain the ratio of volumes of par-
ticles per volume of gas actually present at the cyclone entry. This
is achieved by calculating the original ratio (˛) between the fluid
and particle volumes (Eq. (33)), and next calculating the updated
control volume using Eq. (34).

˛ = Vfluid

Vparticles
= C

�p
(33)

Vcontrol = Vparticles,injected

˛
=

Nclasses∑
i=1

(�)/(6) ninjected,i d3
p,i

˛
(34)

As an example of this procedures, Table 2 presents the results for
one case, with a mass concentration of 500 mg m−3 and a cut-off
diameter of 3.5 �m.

To allow for a direct comparison between the predicted
grade-efficiency curves with and without agglomeration, after the
agglomeration process all the formed agglomerates are assigned
to existing class diameters of the original particle size distribution
(PSD) histogram on a mass basis.

2.3.3. History reconstruction and final efficiency estimation
The core of PACyc consists in the ability of backtracking the evo-

lution of each particle along the gas-cyclone, and to follow each
particle from the early-injected particles until the final agglomer-
ates.

Considering the gray area presented in Fig. 3, it is assumed that
the agglomeration is a process that occurs along the cyclone, hav-
ing a cumulative effect on the increase in the particles’ sizes. In
the defined interface areas (slices), there is particle removal (at the
cyclone walls) and escape (at the inner vortex) obtaining a new
grade-efficiency curve for each slice. The purpose of this section
is to explain in detail the process of obtaining these new grade
efficiency curves.

Along the simulation, several files store relevant information
on the reconstruction of the history of each particle, on the new
diameters formed and on the identification of each of the newly
formed agglomerates.
1.750 20.55 0.823 6.3E+09 3052 11 9
2.500 32.40 0.445 3.4E+09 1650 6 6
3.500 14.70 0.073 5.6E+08 272 1 1
4.500 3.67 0.009 6.6E+07 32 0 0
7.500 0.53 0.000 2.0E+06 1 0 0
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Table 3
Generation of some of the first diameters.

Order of generated diameter ID of generated diameter Particle A Particle B

1 14 1 1
2 15 1 2
3 16 1 5
· · · · · · · · · · · ·
18 31 4 8

Table 4
Examples of ternary and quaternary collisions.
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Order of generated diameter ID of generated diameter Particle A Particle B

107 120 1 14
108 121 14 31

er of initial diameters of the original histogram). From this point
n, any agglomerate resulting from the combination of two class
particles will lead to an agglomerate belonging to this (n + 1)th

iameter.
Table 3 presents an example of information stored in this file,

howing the creation of diameter 14 as a result of the agglomeration
f two particles of class 1, the creation of diameter 15 (resulting
f the agglomeration of one particle of class 1 and one class 2),
he formation of diameter 16 (resulting of the agglomeration of
ne particle of class 1 and one class 5) and finally the creation of
iameter 31 as a result of agglomeration of a particle of class 4 and
ne of class 8.

All these results consider only the possibility of binary inter-
ctions of two original particles (particles with diameter equal to
he mean diameter of each class). However, the agglomeration

odel leads indirectly to higher order particle interaction, as pre-
ented in Table 4, where two other types of binary combinations
re shown: original particles with agglomerates and agglomerates
ith agglomerates.

In these cases, diameter 120 is achieved when a particle diam-

ter of class 1 agglomerates with a previously formed agglomerate
with a diameter identified as 14). As presented in the previous
xample, diameter 14 consists of two particles of class 1. There-
ore, we conclude that diameter 120 results from the combination

able 5
iameter constitution.

ID Initial classes

1 2 3 4 5 6

Initial classes
1 1 – – – – –
2 – 1 – – – –
3 – – 1 – – –
4 – – – 1 – –
5 – – – – 1 –
6 – – – – – 1
7 – – – – – –
8 – – – – – –
9 – – – – – –
10 – – – – – –
11 – – – – – –
12 – – – – – –
13 – – – – – –

Formed agglomerates
14 2 – – – – –
15 1 1 – – – –
16 1 – – 1 – –
17 1 – – – – –
· · · · · · · · · · · · · · · · · · · · ·
31 – – – 1 – –
· · · · · · · · · · · · · · · · · · · · ·
120 3 – – – – –
121 2 – – 1 – –
Journal 162 (2010) 861–876

of 3 particles of class 1. This particle may be interpreted as an
agglomerate formed by a ternary collision process.

Another example of combination at higher level is the forma-
tion of an agglomerate of diameter 121, which is achieved when an
agglomerate of diameter 14 joins an agglomerate of diameter 31.
Since diameter 14 consists of two particles of class 1 and diameter
31 consists of a particle of class 4 and another of class 8, we con-
clude that diameter 121 is obtained through the agglomeration of 4
original particles, two of class 1, one of class 4 and another of class
8. This particle may thus be interpreted as an agglomerate formed
by a quaternary collision process.

The model leads to combinations of much higher level, and it
is possible, with times of interaction of the order of several sec-
onds, that agglomeration of all particles in one single agglomerate
may occur. Our approach prevents this to happen, not only because
the interaction times are usually below 1 second, but also because
particles are removed along the axial axis of the cyclone both at
the inner vortex and at the cyclone walls, becoming unavailable for
further agglomeration.

With the stored information, a database is built with each diam-
eter. Table 5 presents this matrix structure, which reflects the
formation of each diameter (existing or newly created) as a function
of available mass classes. In the matrix each column corresponds
to an existing class (in the example shown, 13 columns) and each
line corresponds to a diameter, original or created (the first 13
rows correspond to pre-existing original diameters while the other
correspond to newly created diameters).

Each new particle is recorded as shown in Table 6. The major
difference between Table 3 (or Table 4) and Table 6 is that this
last table stores the real number of particles created. It is possible
to refer that both lines 2 and 104 of column 1 of Table 6, produce
particles of diameter 15 (column 4), while lines 3, 4 and 101 produce
particles of diameter 16.

The class grade-efficiency curve is obtained weighting each
diameter collection efficiency, using the model proposed by Mothes
and Löffler [1], as it will be presented in detail below. Table 7 shows

the diameters of the particles and the corresponding collection effi-
ciencies.

Cross-referencing Tables 3, 4 and 7 it is possible to draw some
conclusions about each diameter collection efficiency, e.g.:

7 8 9 10 11 12 13

– – – – – – –
– – – – – – –
– – – – – – –
– – – – – – –
– – – – – – –
– – – – – – –
1 – – – – – –
– 1 – – – – –
– – 1 – – – –
– – – 1 – – –
– – – – 1 – –
– – – – – 1 –
– – – – – – 1

– – – – – – –
– – – – – – –
– – – – – – –
– – – – 1 – –
· · · · · · · · · · · · · · · · · · · · ·
– 1 – – – – –
· · · · · · · · · · · · · · · · · · · · ·
– – – – – – –
– 1 – – – – –
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Table 6
Logging the generation of each new diameter.

Order of formed
agglomerate

Particle A Particle B Agglomerate diameter ID

1 1 1 14
2 1 2 15
3 1 5 16
4 1 5 16
5 1 11 17
· · · · · · · · · · · ·
101 1 5 16
102 7 9 39
103 3 7 40
104 1 2 15
105 1 8 20

Table 7
Diameter of each particle and corresponding removal-efficiency (per slice).

Diameter ID Diameter (�m) Collection Efficiency (%)

Initial classes
1 0.115 0.034
2 0.265 0.077
3 0.350 0.112
4 0.450 0.165
5 0.575 0.250
6 0.725 0.384
7 0.900 0.584
8 1.250 1.165
9 1.750 2.616
10 2.500 6.614
11 3.500 10.961
12 4.500 14.364
13 7.500 21.670

Formed agglomerates
14 0.145 0.042
15 0.272 0.080
16 0.577 0.252
17 3.500 10.961
· · · · · · · · ·
31 1.269 1.205

•

•

•

•

e
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diate collection efficiencies, particles belonging to these classes
· · · · · · · · ·
120 0.167 0.047
121 1.270 1.207

Original particle case: the diameter identified as 1 corre-
sponds to a diameter of 1.15 × 10−7 meter with an efficiency of
≈ 3.44 ×10−4 and consists of a particle of diameter belonging to
class 1;
Binary particle case: the diameter identified as 31 corresponds
to a diameter of ≈ 1.27 ×10−6 meter with an efficiency of
≈ 1.21 ×10−2 and consists of one particle of diameter belonging
to class 4 and another to class 8;
Ternary particle: the diameter identified as 120 is a diameter
of ≈ 1.67 ×10−7 meter with an efficiency of ≈ 4.72 ×10−4 and is
composed by three particles belonging to class 1;
Quaternary particle case: the diameter identified as 121, corre-
sponds a diameter of ≈ 1.27 ×10−6 meter with an efficiency of
≈ 1.21 ×10−2 and consists of two particles of class 1, one of class
4 and another of class 8;

At this stage, we emphasize the fact that particles with diam-
ters 31 and 121, in spite of being composed by different sized
articles, have very similar collection efficiencies. This has great

mpact on the grade-efficiency curves. Although diameter 121 has
wo particles of class 1 in its constitution, these have in fact a collec-

ion efficiency very close to the collection efficiency of an isolated
article class 8 or the combination of a particle class 4 and a particle
lass 8, since they belong to similar sized agglomerates.

To calculate the collection efficiency per slice, the cyclone is con-
idered as a cascade of separation units, much as it is done with
Journal 162 (2010) 861–876 869

the yield of reaction in a cascade of chemical reactors, as has been
referred before. This is shown in Eq. (26), which allows to estimate
the reference slice efficiency, using the efficiency calculated by the
Mothes and Löffler model [1] for gas cyclones. Thus, the efficiency
of each diameter in each slice (�slice

i
) is obtained using the final

efficiency of each diameter (�final
i

) and the number of slices (Nslices).
By combining the information of the creation of each diameter

and the creation of each particle, a INFO matrix saves the informa-
tion of the final location of each particle diameter in each of the
(existing or created) diameters. This structure identifies the num-
ber of particles of diameter i that behave like particles of diameter j.
As a summary of the information stored in this matrix, it is possible
to refer that:

• The number of lines is equal to the number of original classes;
• The number of columns is the sum of the number of the created

diameters and the number of classes;
• The sum per line is equal to the initial number of particles of each

class.

Combining the INFO matrix with the correspondent collection
efficiency, the final efficiency is obtained weighting the number of
particles j that behave as i particles. An expression that translates
this relation is given in Eq. (35), where �final,∗

i
is the final efficiency

after agglomeration of a particle belonging to diameter of class i,
INFO is a structure with all information about the i particles that
shifted to class j, �slice

j
is the efficiency of each j diameter, ni,j is the

number of particles i in class j, Dinitial,i and Dfinal,i are respectively
the smallest and the largest diameters that belong to class i and
Nclasses is the original number of classes.

�final,∗
i

=

Dfinal∑
j=Dinitial

INFOi,j × �slice
j

Dfinal∑
j=Dinitial

ni,j

, i = 1 . . . Nclasses (35)

In Fig. 5 the agglomeration process in schematically represented.
This figure shows the evolution of the relative number of parti-
cles in each class along the agglomeration/removal process, thus,
as a function of elapsed contact time. In the beginning, all particles
(100%) are in their respective class (viz the matrix diagonal).

Some of the major conclusions of Fig. 5 are as following:

• As the agglomeration proceeds, the particles shift towards larger
diameters (to the right) and particle removal along the gas
cyclone can be observed, because the total blue area (particle
number fraction of each initial class) decreases and the red area
(corresponding to the particles that escape or are collected in the
cyclone) increases with time.

• Not even after a long elapsed time, all particles belonging to class
1 shift to larger classes. This is due to the fact that, usually, the
number frequency of the smaller particles is very high, and even
though the majority of the particles shift to larger classes, some
particles remain in their respective class.

• Classes 8–10 have predominance at the final interaction time.
This is due to the shape of the baseline grade-efficiency curve,
as classes larger than 11 are completely captured and the finer
classes shift towards larger classes. As classes 8–10 have interme-
remain longer in the control volume;
• Particles belonging to the largest class (class 12), as time elapses,

are being removed from the control volume, because this class
has complete collection.
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The mass distribution is an input to the model. The model
converts the information stored in this distribution to a number dis-
tribution, assuming that particles are spherical. Thus, particle size
distributions based on Stokes’ law should be employed whenever
feasible.
ig. 5. Proportion of each diameter in each of the initial classes (matrix representati

. Results and discussion

This section shows several results obtained with the PACyc
odel while simulating a case study. Initial and final mass and

umber distributions are shown in Section 3.2, and two key ele-
ents of PACyc are compared: continuous vs. discrete control

olume and random sampling vs. cut-off diameter.
A sensitivity study was made considering some major param-

ters and their impact on the predicted grade-efficiency curves.
inally, model predictions are compared with preliminary experi-
ental data obtained at pilot-scale.

.1. Model intermediate results

To better understand the final results obtained by the PACyc
odel, some intermediate results are shown.
To calculate the probability of collision between two parti-

les it is necessary to estimate their trajectories and their velocity
omponents. Keeping in mind that the collisions are defined by a
robabilistic criteria, in order to better picture the agglomeration of
wo different sized particles, Fig. 6 shows three particles’ trajecto-
ies: the downward trajectory is from a particle of 0.26 �m and the
pward trajectory is from a particle with 5 �m. These trajectories
re the direct result of solving Eqs. (4)–(15), in a 3D framework, so
hat collisions can be better visualized.

The trajectory of the smaller particle (B) is much more random
han that of the larger particle (A), and after agglomeration, the tra-
ectory of agglomerate (C) is similar to that of the larger particle.
t is visible that the smaller particles are more affected by the tur-
ulent flow field than the larger particles. As the trajectory of this
ew agglomerate is calculated solving the momentum equations,

he resulting particle has a tendency to follow the trajectory of the
arger particle.

Fig. 7 presents the simplification introduced when two particles
gglomerate. The new particle diameter is determined consider-
ng mass conservation of the particles. It should be stated that this
= 12 m s−1, � = 1500 kg m−3, c = 1 g m−3, 20 slices, random sampling of 10k particles).

simplification may introduce a large error in the equivalent aero-
dynamic diameter of the resulting agglomerate, whenever similar
sized particles collide and agglomerate. Fortunately, the frequency
of collisions for similar-sized particles is very low because of the
small relative velocities. Lipowsky and Sommerfeld [23] have pro-
posed a model for agglomerate porosity, but this is yet to be
experimentally validated.

3.2. PSD analysis
Fig. 6. Pseudo-realistic visualization of trajectories and agglomeration effect in two
particles.
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Fig. 7. New diameter calculation.
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ig. 8. Initial and final number distribution (u = 12 m s−1, � = 1500 kg m−3,
= 1 g m−3).

After studying the agglomeration impact on the grade-efficiency
urves, the model calculates the final number distribution and
ecalculates the corresponding mass distribution. Figs. 8 and 9 show

he initial and final number and mass distributions before and after
article interaction/agglomeration.

Fig. 8 shows a clear reduction in the number of smaller parti-
les and the correspondent increase in the number of the following
lasses. In the number distribution the positive shift to the larger

ig. 9. Initial and final mass distribution (u = 12 m s−1, � = 1500 kg m−3, c = 1 g m−3).
Journal 162 (2010) 861–876 871

particles is not visible, hence the presentation of the correspondent
mass distribution in Fig. 9.

Fig. 9 shows that the modal class in the beginning corresponds
to the first class (corresponding to a diameter around 25 �m). Ana-
lyzing the result of the model, there is a displacement of the finer
particles (below 1 �m) to larger diameters, and there is also a dis-
placement of the particles around 10 �m to larger diameters. This
shows that the smaller particles are disappearing (the variation of
the first seven classes is negative) and that there is formation of
larger particles (the variation of the next six classes is positive).

Fig. 9 also shows that particle diameters around 10 �m tend to
increase in size towards 17 and 25 �m sizes. One possible reason for
this is that if there are only a few particles of the larger diameters, as
it may happen due to sampling (Section 3.3.2), these particles upon
colliding with smaller particles may jump to a larger class diameter,
justifying the negative class variation just before the corresponding
positive class variation of the larger classes.

3.3. Grade-efficiency curves

In this section we present some results obtained using the pro-
posed model. All the simulations were performed with the cyclone
geometry proposed by Salcedo and Cândido [17], with internal
diameter = 740 mm and inlet mean velocity of 20 m/s, without
partial recirculation of gases and particles. The radial turbulent dis-
persion coefficient was considered constant (Dr = 1.27 × 10−2 m2/s)
as obtained by Salcedo and Coelho [5], the temperature was 313 K
and the absolute pressure was 953 mBar.

For all the cases in this section, the model baseline case has an
efficiency curve obtained by the Mothes and Löffler model [1], and
the sample has a specific gravity of 1500 kg m−3 and inlet concen-
tration of 1 g m−3.

For discretization, 17 diameters between 0.12 and 25 �m were
considered, as a compromise to have several (7) submicrometric
classes but still large particles for acting as targets. These are the
mean class diameters that correspond to a GRIMM 1.108 laser spec-
trometer, employed in one of the experimental runs (Section 3.4)
and proved to be adequate for performing simulations in reason-
able time.

3.3.1. Control volume: continuous vs. discrete
Two key elements of PACyc (and correspondent different

approaches) were studied: the control volume (continuous vs.
discrete) and the number sampling method (cut-off diameter vs.
random sampling).

The control volume has an annular geometry, because it is con-
fined between the outer diameter of the vortex finder and the inner
diameter of the volume-equivalent cylindrical body.

Considering the definition of continuous control volume, PACyc
handles it as a single slice, with a residence time equal to the aver-
age residence time of the gas, and with particle removal occurring
only at the end of the slice.

The discrete cases are defined by the correspondent number of
slices, with each slice having the same residence time, equal to the
cyclone residence time divided by the number of slices. Between
two consecutive slices, there is particle removal.

Fig. 10 shows the impact on efficiency of the number of slices.
Considering the continuous control volume (1 slice), the grade-
efficiency curve is the lowest. This fact was taken into account
to make conservative forecasts of overall efficiencies as given in

Section 3.4.

With the number of slices increasing to 40, the grade-efficiency
increases as well. From 40 to 100 slices the grade-efficiency
decreases, and the systems represented by 5 or by 100 slices have
almost the same predicted grade-efficiency curves.
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method, using a single sample, it is impossible to draw conclusions
about the impact of the number of particles on the final grade-
efficiency curves. Thus, a statistical average should be used, but
with the negative effect of increased CPU effort.
Fig. 10. Sensitivity analysis discrete control volume—number of slices.

This parameter has a mixed effect on the final grade-efficiency
urves, being justifiable by two opposing effects, as explained
elow.

In the case with only one slice (viz, the continuous control vol-
me), there is no particle removal along the cyclone. All particles
re initially inside the cyclone but this does not mean that they are
vailable to collide in the control volume, since PACyc considers
hat when particles collide with the cyclone wall, they are no longer
vailable to agglomerate (a zero probability of collision is assigned
o these particles). PACyc also considers that particles that reach
he vortex finder are lost and exit the cyclone.

In the case with several slices, considering that in the beginning
f each slice all remaining particles are injected in an annular sur-
ace, the normal path of the particles is towards the cyclone wall,
ventually preventing further agglomeration. The frontier between
lices has the impact of randomly repositioning (reinjecting) the
articles further apart from the cyclone wall, transforming parti-
les that were unavailable to agglomerate in the current slice into
articles available to agglomerate in the next slice. Thus, complete
ack mixing is assumed when crossing from one slice to the next.

As the number of slices increases, the particles are more and
ore available to agglomerate, because they are being consec-

tively reinjected in the annular surface. However, there is also
ncreased particle removal along the cyclone (between slices).
hese two factors work one against the other, with the consequence
hat there exists some intermediate number of slices that show the

aximum grade-efficiencies (in this case, around 40–50 slices).

.3.2. Number distribution sampling: cut-off diameter vs. random
ampling

There are two strategies of sampling available in the PACyc
odel to generate the number particle size distribution to be pro-

essed by the model. In the cut-off diameter strategy, a single
article is assigned to the correspondent diameter and the num-
er frequency for smaller sizes are generated by maintaining the
orrect proportions of the original number distribution. In this case
tudy, a cut-off diameter of 8 �m corresponds approximately to
0k particles, a cut-off of 12 �m to 70k particles, and a cut-off of
7 �m to 120 k particles. Figs. 11 and 12 show the simulation results

btained.

Fig. 11 shows the influence of the cut-off diameter on the
rade-efficiency curves. This parameter determines directly the ini-
ial largest diameter available for collision and as this parameter
ncreases, higher efficiencies are obtained for the smaller particles.
Fig. 11. Sensitivity analysis—cut-off diameter (with 5 slices).

Obviously, choosing a small value for the cut-off diameter biases
the results towards less agglomeration, because the larger parti-
cles (that are mainly target particles) are either absent or present
in very small numbers. As the cut-off diameter is increased, more
larger particles are present to interact, and injecting more larger
particles implies that there are more target particles available, with
collection efficiencies around 100% to collect the smaller ones.

Fig. 12 presents the corresponding cases using the random
sampling method. It is shown that this method predicts higher
grade-efficiency curves for the smaller number of particles than
the correspondent cut-off cases. Only the cases of 17 �m vs. 120k
particles have almost the same efficiency curves, allowing to con-
sider that similar results are obtained with either a high cut-off or
a large number of sampled particles. This has been confirmed with
several different simulations.

Fig. 12 shows that the grade-efficiency curves with 120k parti-
cles are actually lower than with 70k particles. With this sampling
Fig. 12. Sensitivity analysis—random sampling (with 5 slices).
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control volume (viz. one slice), random sampling of 200k particles
and interaction time defined by the cyclone volume and operating
conditions.

In both cases, a pilot numerically optimized cyclone [8,17] with
internal diameter of 450 mm without partial recirculation of gases
Fig. 13. Sensitivity analysis discrete control volume—interaction time.

Increasing the number of sampled particles beyond 200–500k
oes not bring any significant change in the predicted grade-
fficiency curves. This fact was taken into account to make forecasts
ithin reasonable CPU times as given in Section 3.4.

.3.3. Sensitivity analysis: interaction time
For the specific gravity sensitivity analysis, the Mothes and

öffler baseline grade-efficiency curves [1] will be presented indi-
idually.

For the cases with agglomeration, the reference case adopts the
ollowing values for the parameters studied: time of interaction
1	 = 0.7 s), sampling method (cut-off diameter 12 �m) and control
olume (discrete with 5 slices).

Fig. 13 presents the impact of the interaction time on the final
rade-efficiency curves.

This parameters has an asymptotic behavior, justified by the
act of particles hitting the cyclone wall before the residence time
s reached, becoming unavailable for agglomeration. Prior to the

oment of all particles hitting the wall, it is possible to observe
hat as the residence time of the gas increases higher efficiencies
re obtained for the smaller particles. After all the particles hit the
all (in this case t ≥ 0.5	), the final grade-efficiency is the same and

ndependent of the residence time.

.3.4. Sensitivity analysis: specific gravity
Fig. 14 presents the initial efficiency without agglomeration,

nd the grade-efficiencies obtained by varying the particle specific
ravity.

The predicted grade-efficiencies increase with specific gravity
s expected. In terms of agglomeration, the agglomeration model
eads to higher efficiencies as this parameter is increased, due to the
nitially higher baseline efficiency for the larger particles, which act
s targets for the finer ones.

.3.5. Sensitivity analysis: concentration
Fig. 15 presents the final grade efficiency curves as inlet concen-

ration increases.
At very low concentrations, collision and agglomeration are two

henomena with almost no significance due to the small number
f particles present in the control volume. However, even for low

oncentrations (100 mg m−3) this model predicts grade-efficiency
urves higher than those initially predicted by Mothes and Löffler
1]. On the other hand, for larger concentrations, the agglomeration
henomenon has increasing relevance, so the final efficiency for the
maller particles increases substantially over the base-case.
Fig. 14. Sensitivity analysis discrete control volume-specific gravity.

3.4. Experimental results and model prediction

In this section we present experimental results for 2 case studies,
and compare them with PACyc predictions.

Figs. 16 and 17 show two cumulative particle size distributions,
respectively for the feed and cyclone emissions. In both, the cir-
cles correspond to the off-line measurements using a Coulter LS230
laser sizer of calcined mineral powder and the diamonds corre-
spond to online measurements of a GRIMM 1.108 laser sizer for the
same sample (�p = 2700 kg m−3, inlet concentration = 1.28 g m−3).
The crosses correspond to the Coulter measurements of a sulfanilic
acid sample (�p = 1450 kg m−3, inlet concentration = 7.7 g m−3) [19].

Figs. 18 and 19 present a comparison between PACyc predictions
and actual experiments for both powders. The simulation results
presented are the average (± 95% confidence interval) of ten runs
using different seeds to generate all the pseudo random numbers
used by the model. All runs were made considering a continuous
Fig. 15. Sensitivity analysis discrete control volume—concentration.
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Fig. 18. Experimental results and PACyc’s predictions—calcined mineral powder.
Fig. 16. Volume distributions in feed.

nd particles was used. For the sulfanilic acid powder, the pilot
yclone was actually fitted on a test rig at the industrial site, thus no
article feeder was employed. For the calcined mineral experiment,
TOPAS 410G particle feeder was employed.

The experimental grade-efficiency curves were obtained with
imultaneous inlet/outlet isokinetic sampling using constant vol-
me samplers (Techora Bravo), in GFA glass fiber filters. Particle
ize distributions were measured off-line with the Coulter, with
ltrasound dispersion in appropriate liquid media. For the calcined
ineral experiments, online measurements of emissions were also

one using the GRIMM laser spectrometer.
For the calcined mineral powder the inlet mean velocity was

20m s−1, while for the sulfanilic acid it was ≈15m s−1.
Table 8 presents the experimental overall collection efficiencies

or the cases shown in Figs. 18 and 19, and it is possible to conclude
hat PACyc predicts better the experimental overall efficiency than
he Mothes and Löffler [1] model for these two cases.

Fig. 20 compares the global collection efficiencies experimen-
ally obtained with the predicted from the PACyc model.

Superimposed in Fig. 20 is the model proposed by Smolik

as quoted by Svarovsky [28]) to predict global efficiency for an
nknown concentration (c2), knowing the efficiency at a lower
alue (c1), as given by Eq. (36). The empirical constant proposed
y Smolik is k = 0.18, clearly overpredicting the overall efficiency of

Fig. 17. Volume distributions in emissions.
Fig. 19. Experimental results and PACyc’s predictions—sulfanilic acid.

the higher concentration cases. For the calcined mineral studied in
this experiment, this low concentration experiment was made at
c1 = 56.5 mg m−3 corresponding to an overall collection efficiency
of �(c1) = 87.0% and the value of k that fits best the experimental
data was about k = 0.0887, meaning that this dust agglomerates
to a lower degree than expected from the Smolik experimental
exponent.

�(c2) = 1 − (1 − �(c1))
(

c1

c2

)k

(36)
Since the Mothes and Löffler model does not take feed powder
concentration into account, it underpredicts collection, a fact that
has been shown before at both laboratory and industrial scales
[2,9].

Table 8
Overall collection efficiencies.

Case Mothes and
Löffler (%) [1]

PACyc (%) Experimental (%)

Calcined mineral 83.6 88.6 ± 0.4 89.9
Sulfanilic acid 92.1 96.5 ± 0.2 98.5 ± 0.2
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Fig. 20. Overall efficiencies—calcined mineral case.

Considering the grade-efficiency curves, Figs. 18 and 19 show
hat the PACyc model predicts reasonably well the experimental
ata, although clearly under predicting efficiencies below ≈1 �m.

t is possible to observe that for the mineral powder (Fig. 18), the
nder predictions are for particles smaller than ≈0.3 �m, while
or the sulfanilic acid (Fig. 19), the under predictions are for parti-
les smaller than ≈1.5 �m. For the sulfanilic case, two experiments
ere made at the same inlet conditions, and it is possible to

onclude that the cyclone has reproducible collection efficien-
ies.

The model cannot, however, predict the hook-like shape grade-
fficiency curves experimentally observed for these two cases, and
he probable reasons for this are that:

for realistic particle size distributions, such as those used in this
work, there is CPU/memory insufficiency to completely represent
the distributions. For example, it can be shown for the suphanilic
acid particle size distribution, that sampling 500k particles will
only inject 2 particles of 17 �m in the control volume. Ho and
Sommerfeld [18] show that for particles below 2 �m the num-
ber frequency tends to zero as the agglomeration process occurs.
However, the distributions employed by these authors, unfor-
tunately, do not correspond to realistic volume distributions as
found in industrial practice;
there is some extra mechanism responsible for agglomeration
of these fine particles, such as electrostatic charging in the inlet
conveying piping to the cyclone [7], which are not presently con-
sidered in the model.

. Conclusions

The PACyc model, coupling the Mothes and Löffler and the
ommerfeld models [1,15,18], leads to a better prediction of the
xperimental grade-efficiency curves, as well as of the overall col-
ection.

The agglomeration phenomena seems to be a good justification
f the large observed collection efficiencies obtained experimen-
ally for fine particles using cyclones.

The agglomeration model presented in this work has some
arameters which must be further studied, like the collision prop-

rties or the influence of the material under study, but at the present
oment, the model can predict in qualitative (and in some cases

n a quantitative) manner the increased efficiencies for submicro-
etric particles, a fact that has been experimentally observed by

everal authors [2–9].

[

[
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In spite of presently disregarding the possible effect of electrical
forces in promoting agglomeration of the finest particles, PACyc
is an improvement of the existing models developed to predict
grade-efficiency curves in gas-cyclones. It is expected that, after
further characterization of the model parameters based on physi-
cal properties of the particles and the inclusion of electrical forces,
theoretical results may better represent the experimental ones,
allowing a more correct optimization of the design and optimiza-
tion of gas-cyclones. This work is currently under development.
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