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Abstract: In the paper are presented the theoretical
research regarding the numerical modelling and
simulation of separation process in centrifugal field of
heterogeneous solid-gas mixtures with cyclone equipment
type. The use of the CFD numerical analysis, in this case
ANSYS CFX-5.7, within air cleaning systems research
with cyclones, has allowed the determination of important
parameters such as: pressure distribution and velocity
field inside the cyclone, determining the flow lines of the
current generated by tangential supply and assessing
performance of the cyclone separator. To describe the
complex flow inside the cyclone separator must be made
several simplifying assumptions. The turbulence terms of
Navier-Stokes equations are formulated based on k-¢
model.
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INTRODUCTION

Given the need to further increase product quality
resulting from industry and the tightening of legislative
activity, importance of studies and researches on the
separation of heterogeneous solid-gas mixtures in order to
modernize the equipment of installations of the air
becomes evident [9].

Initially, environmental pollution was only a natural
process. As human activity has grown and diversified, the
relationship between artificial and natural pollution has
changed continuously. Currently, industrial , urban and
agricultural pollution has become a serious problem that
threatens not only the further development of the industry
but even the flora and fauna of the planet [2].

Cyclones are widely used in industrial processes for
removing the dust. Cyclone dust collectors have been
used in many industrial facilities to collect solid particles
from gas-solid flows and to reduce air pollution
originating in chimney smoke from chemical plant dryer
equipment [8].

There are various cyclone models in the specialty
literature, but the most famous are the Stairmand (1951) and
the Lapple (1951) ones. These cyclones were developed
through experimental tests with the aim of optimizing the
performance. However, according to Dirgo and Leith (1985),
there is no theoretical base to assure that a specific model
has all high performance characteristics.

Since its conception over a century ago, many
researchers have contributed to the large volume of work
on improving the efficiency of cyclones by introducing new
design and operation variables [6]. However, in most
cases, the improvement in efficiency is marginal and in
some cases it is associated with complex structure and
additional operating costs [3].

A good understanding of the fluid dynamics in a
cyclone is required in order to make further design
improvements. Analytical techniques do not allow
variations in the geometry to be readily assessed.
Computational fluid dynamics (CFD) models provide an
economical mean of understanding the complex fluid
dynamics and how it is influenced by changes in both
design and operating conditions.

The first application of CFD techniques to cyclone
simulation was presented by Boysan et al. (1982).
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Rezumat: Tn lucrare sunt prezentate cercetdrile teoretice
privind modelarea si simularea procesului de separare n
camp centrifugal a amestecurilor eterogene solid - gaz cu
ajutorul echipamentelor de tip ciclon. Utilizarea mediilor de
analizd numericd CFD, in acest caz ANSYS CFX-5.7, in
cadrul cercetdrii sistemelor de epurare a aerului cu
cicloane, a permis determinarea parametrilor importanfi
cum ar fi: distribufia presiunii si cAmpului de viteze n
interiorul ciclonului; determinarea liniilor de curgere ale
curentului generat de alimentarea tangenfialéd; aprecierea
performanfei de separare a cicloanelor. Pentru a descrie
curgerea complexa din interiorul ciclonului trebuie sa fie
asumate cateva ipoteze simplificatoare. Termenii de
turbulentd ai ecuatiilor Navier-Stokes sunt formulati pe
baza modelului k-¢.

Cuvinte cheie: ciclon, modelare 3D, simulare numerica.

INTRODUCERE

Tindnd cont de necesitatea cregterii continue a
calitatii produselor rezultate din industrie, cat si de
inasprirea legislatiei din domeniu, importanta unor studii si
cercetari privind separarea amestecurilor eterogene solid-
gaz in vederea modernizarii echipamentelor din instalatiile
de epurare a aerului devine evidenta [9].

Initial, poluarea mediului a fost exclusiv un proces
natural. Pe masura ce activitatea umana s-a dezvoltat si
diversificat, raportul intre poluarea artificiala si naturala s-a
modificat continuu. In prezent, poluarea industriala,
urbana si agricola a devenit un fenomen ingrijorator care
amenintd nu numai dezvoltarea ulterioara a industriei, dar
pune in pericol insasi flora si fauna planetei [2].

Cicloanele sunt utilizate pe scara larga in procesele
industriale de Tndepartare a prafului. Colectoarele de praf
ciclon au fost folosite in multe instalatii industriale pentru a
colecta particulele solide din debitele gaz-solid si pentru a
reduce poluarea aerului datorata cosurilor de fum ale
uscatoarelor centralelor chimice [8].

Exista modele diferite de cicloane n literatura de
specialitate, dar cele mai renumite sunt Stairmand (1951)
si Lapple (1951). Aceste cicloane au fost dezvoltate prin
teste experimentale cu scopul optimizarii performantei. Cu
toate acestea, conform cu Dirgo si Leith (1985), nu exista
nici o baza teoretica pentru a asigura ca un anumit model
are toate caracteristicile de inalta performanta.

De la conceptia sa, cu peste un secol in urma, multi
cercetatori si-au adus contributia la Tmbunatatirea
eficientei cicloanelor prin introducerea designului nou si
conditilor variabile de exploatare [6]. Insa, in majoritatea
cazurilor, cregterea eficientei este marginald si aceasta
este asociata cu o structura complexa si costuri
suplimentare de functionare [3].

Este necesara o buna intelegere a dinamicii fluidelor
in ciclon n scopul realizarii imbunatatirii suplimentare a
designului. Tehnicile analitice nu permit ca variatiile
geometriei sa fie evaluate usor. Computational Fluid
Dynamics (CFD) ofera un mijloc economic de intelegere a
complexitatii dinamicii fluidelor si modul in care este
influentata de schimbari atat de design cat si de conditiile
de functionare.

Prima aplicare a tehnicilor CFD 1n simularea
ciclonului a fost prezentata de catre Boysan si altii (1982).
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After this pioneering work, several studies were done
on turbulence modelling in order to improve through
prediction of velocity and pressure fields to modify the
turbulence models [7].

MATERIAL AND METHOD

Numerical simulations were performed using CFX-5.7,
a Computational Fluid Dynamics tool from Ansys Inc. The
dimensions of the cyclone used in simulation are
presented in figure 1 where: 1 - cylindrical body; 2 - cone-
shaped body; 3 - outlet of solid particle; 4 - outlet of gas; 5
- gas supply pipe; diameter of cylindrical body, D = 0.240
m; outer diameter of central tube of exhausting gas
purified, De = 0.122 m; diameter of exhausting solid
particles (dirt), Dy = 0,061 m; cyclone height, H =1.06 m;
height of the cyclone feed inlet, a = 0.122 m; width of the
cyclone feed inlet; b = 0.061 m; upper height of the
cyclone; h = 0.56 m; depth of penetration of purified gas
into cyclone, s =0.28 m.
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Dupa aceasta munca de pionierat, mai multe studii
au fost facute Tn scopul Tmbunatatirii modelelor de
turbulenta prin folosirea unor intervalele de viteza si de
presiune date [7].

MATERIAL S| METODA

Simularile numerice au fost efectuate folosind CFX-
5.7, un instrument al CFD de la ANSYS Inc. Dimensiunile
ciclonului utilizat Tn simulare sunt prezentate in figura 1 in
care: 1-corp cilindric; 2-corp conic; 3-ecluza de colectare a
particulelor solide; 4-tub central de evacuare a aerului
purificat; 5-racord de alimentare; diametrul corpului
cilindric, D=0,240 m; diametrul tubului central de evacuare
a aerului purificat, De=0,122 m; diametrul ecluzei, D, =
0,061 m; Tinaltimea ciclonului, H=1,06 m; Tinaltimea
racordului de alimentare, a = 0,122 m; latimea racordului
de alimentare, b=0,061 m; Tinaltimea partii cilindrice,
h=0,56 m; adancimea de patrundere a tubului central n
interiorul ciclonului, s = 0,28 m.
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Fig. 1 - Cyclone with tangential entry dimensions /
Dimensiunile ciclonului cu intrare tangenfiala

As boundary conditions, data used and applied in this
paper are shown in Table 1.

Drept conditii de frontiera, datele utilizate si aplicate
Tn aceasta lucrare sunt prezentate in tabelul 1.

Table 1/ Tabelul 1

Gas Phase - Air /| Faza gazoasa - Aer

Solid Phase - Flour/ Fazasolid a - Faina

Gas velocity / Viteza gazului - 14.7 / 14,7 [m/s]

Solid velocity / Viteza solidului - 15.5/ 15,5 [m/s]

Density / Densitatea - 1.23 / 1,23 [kg/m’]

Density / Densitatea - 1250 [kg/m]

The topology of the simulation model is established in
the initial phase of the geometrical model design with CAD
programs. In this phase are set interfaces of interaction
between main solid and fluid regions. To design the
geometric 3D model of the cyclone was used the program
SolidWorks produced by Dassault Systemes (France), as
shown in figure 2. After creating the geometrical model of
the cyclone and appropriate definition of the domain fluid
simulation we may pass to performing the finite element
network.

The network shown in figure 3 uses a tetrahedral
network type for the main body of the cyclone, a total of
4384 nodes and 19,987 elements. The tetrahedral
network elements are easily accommodating with the
complex geometric models, particularly at the points
where the supply pipe joins the cylindrical body of the
cyclone.

In this model, to simplify the modelling, the tangential
entry in the cyclone was built also with tetrahedral
network elements. Tangential entry joins the cylindrical
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Topologia modelului de simulare este stabilita in faza
initiala de proiectare a modelului geometric cu programele
CAD. In aceastd fazd sunt stabilite interfetele de
interactiune dintre regiunile principale solid si fluid. Pentru
proiectarea modelului geometric 3D a cicloanului a fost
folosit programul SolidWorks produs de Dassault
Systémes (Franta), dupa cum se poate vedea in figura 2.
Dupa crearea modelului geometric si definirea
corespunzatoare a domeniului fluid de simulare, se poate
trece la realizarea retelei de elemente finite.

Reteaua prezentatda in figura 3 utilizeaza un tip de
retea tetraedrald pentru corpul principal al ciclonului, un
numar de 4384 de noduri si 19987 de elemente. Reteaua
de elemente tetraedrale se acomodeaza usor modelelor
geometrice complicate, in particular in punctele in care
conducta de alimentare se uneste cu corpul cilindric al
ciclonului.

in acest model, pentru simplificarea modelarii,
intrarea tangentialda in ciclon a fost construita tot din
elemente de retea tetraedrale. Intrarea tangentiald se
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body of the cyclone through a non-conforming interface by
small overlaps. The non-conforming interface interpolates
between flows from one side and other side of the
network.
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uneste cu corpul cilindric al ciclonului printr-o interfata
non-conformald de mici suprapuneri. Interfata non-
conformala se interpoleaza intre fluxurile dintr-o parte si
cealalta parte a retelei.
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In the simulations accomplished, the initial solution for
the fluid flow in the entrance area of the cyclone was set
as a constant mass flow of mixture who penetrates
through the normal direction of the entrance area.

It was used a model of mixture of air and solid
particles of flour with a diameter between 20 and 170 uym.
Simulations were performed for both steady and non-
stationary flow, using in the most cases a turbulent regime
with two equations "k-€".

In figures 4 and 5 are represented the velocity vectors
for the air, respectively for the solid particles of flour using
the CFD program, in this figures the vectors are coloured
by magnitude.

n simularile efectuate, solutia initiald pentru curgerea
fluidului Tn zona de intrare a ciclonului a fost setata ca fiind
debitul masic constant de amestec ce patrunde pe directia
normala a zonei de intrare.

S-a utilizat un model de amestec de aer si particule
solide de faina cu diametrul cuprins intre 20 si 170 um.
Simularile au fost efectuate pentru curgerea atat in regim
stationar cat si nestationar, utilizandu-se n marea
majoritate un regim turbulent cu doua ecuatii “k-€”.

in figurile 4 si 5 sunt reprezentati vectorii vitezd pentru
aer, respectiv pentru particulele solide de faina cu ajutorul
programului CFD, n aceste figuri vectorii sunt colorati dupa
magnitudine.
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0125 375

Fig. 4 - Representation of air velocity vector obtained by CFD /
Reprezentarea vectorului vitezd pentru aer obfinutd cu CFD [m/s]

Fig. 5 - Representation of flour particles velocity vector obtained with CFD /
Reprezentarea vectorului vitezd pentru particulele de fding obtinutd cu CFD [m/s] /

RESULTS REZULTATE

To model a highly turbulent fluid flow in a cyclone, Pentru a modela curgerea turbulentd intr-un ciclon,
Reynolds averaged continuity and Reynolds averaged ecuatile mediate Reynolds ale continuitatii si Navier-
Navier—Stokes equations were solved. They can be written Stokes au fost rezolvate. Ele pot fi scrise sub forma de
in Cartesian component form as follows, [5]: componente carteziene, dupa cum urmeaza [5]:
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where: u; is the fluid velocity component;
X; - the Cartesian coordinate component;
p - the fluid density;
t — time;
P - the pressure;
K - the fluid viscosity;
gi - the component of gravitational acceleration vector.
The term, Ut of Eg. (2) is often named the

Reynolds stress and represents the effects of the
turbulent velocity fluctuations on the mean flow. By
analogy with the molecular diffusion of momentum, the
Boussinesq hypothesis relates the turbulent momentum
transport to the gradients of the mean velocity field. The
Reynolds stress in Eq. (2) is then expressed by:

- putiy’ = g,

where | is the turbulent viscosity, k is the turbulent
kinetic energy, &; is the Kronecker delta. The turbulent
viscosity is related directly to the turbulent kinetic energy
and the viscous dissipation, ¢, as:

where, C,=0.0845 derived from renormalization group
(RNG) methods [1].

In order to calculate the trajectories of the particles, it
was assumed that the effect of the motions of particles
on the flow and the particle/particle interactions are not
negligible for a dense sludge considered in the present
study. The particles were regarded as rigid spheres.
Then, the computation of the particle trajectories can
be carried out independently, once the flow field of the
liguid phase is obtained. Based on the Newton’'s
second law of motion, the equation of motion for the
particle is written as, [10]:

3
o, v, 1

6 d 8
equation which represents the particle transport model
implemented in ANSYS CFX, where p is the density of the
particle, v is the velocity vector of the particle, and first
term is the drag force Fq4, second term F, represents
buoyant force, third term is centrifugal force F¢, and last
term denotes inertial forces F; exerted on the particle,
respectively. Indexes p and f refer to the solid,
respectively fluid particles. The expressions for the above
forces can be found in He et al. (1999) [4]. Eqg. (5) is an
ordinary differential equation for the particle velocity
vector, vp, with respect to time. To obtain v,, Eq. (5) has to
be integrated with time. The trajectories of the particles
can be found by integrating v, with respect to time once
again. Equation is available in flows where the particle
density is much greater than the fluid density, where the
particle inertia is related to the instantaneous difference in
velocity between the particle and the fluid, and the
rotational and external body forces.

In the environment ANSYS Workbench it was
discretized the cyclone profile in a network of finite

2
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unde: u; este componenta vitezei fluidului;
X; - componenta coordonatei carteziene;
p - densitatea fluidului;
t — timpul;
P - presiunea;
M - vascozitatea fluidului;
gi - componenta vectorului acceleratiei gravitationale.
Termenul pu” din Ec. (2) este adesea numit

tensiunea Reynolds si reprezinta efectul fluctuatiilor
vitezei turbulente asupra debitului mediu. Prin analogie
cu difuzia moleculara a impulsului, ipoteza Boussinesq, se
refera la transportul impulsului turbulent la gradientii
domeniului vitezei medii. Tensiunea Reynolds din Ec. (2)
este apoi exprimata prin:

2 K+ ou,
= —
ox | 3 0X;
unde . este vascozitatea turbulenta, k este energia
cinetica turbulenta, ; este functia Kroneker. Vascozitatea
turbulenta este legata direct de energia cinetica turbulenta
si de disiparea vascoasa, €, dupa cum:
k2
— “4)
&

unde C,=0.0845, derivat cu metoda renormalizarii
grupului (RNG) [1].

Tn scopul calcularii traiectoriilor particulelor, s-a
considerat ca efectul migcarii particulelor asupra curgerii
si interactiunile particuld/particula nu sunt neglijabile
pentru amestecul luat Tn considerare in studiul de fata.
Particulele au fost considerate ca sfere rigide. Apoi,
calculul traiectoriilor particulelor pot fi efectuate in mod
independent odata ce campul curgerii fazei gazoase este
obtinut. Pe baza celei de-a doua legi a lui Newton de
miscare, ecuatia miscarii particulei este scrisa dupa cum
urmeaza, [10]:

0.

1]

®)

m3
6

ecuatie care reprezinta modelul de transport a particulei
puse Tn aplicare in ANSYS CFX, unde p este densitatea
particulei, v este vectorul vitezei particulei, primul termen
este forta de rezistentd Fq, al doilea termen Fp, forta
ascensionald, al treilea termen este forta centrifuga Fc si
ultimul termen reprezinta fortele de inertie F; exercitate
asupra particulelor. Indicii p si f se refera la solid,
respectiv la particulele de fluid. Expresiile pentru fortele de
mai sus pot fi gasite in He si al. (1999) [4]. Eq. (5) este o
ecuatie diferentiala pentru vectorul vitezei particulei, vp, T
raport cu timpul. Pentru a-l1 obtine pe v,, Ec. (5) trebuie
integrata cu timpul. Traiectoriile particulelor pot fi obtinute
prin integrarea lui vp inca o data in raport cu timpul.
Ecuatia este valabilda in curgerile in care densitatea
particulelor este mai mare decat cea a fluidului, atunci
cand inertia particulelor este legata de diferenta
instantanee de viteza intre solid si fluid si fortele de rotatie
si externe ale corpului.

in mediul ANSYS Workbench a fost discretizat
profilul cicloanului intr-o retea de elemente finite, care, in

m3
wavp Q)

(0, - o, Jox (wx Ii)—
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elements, which then was exported to the environment
CFX. In the result of the establishing of limit conditions,
choosing of turbulence model, accuracy of calculation
etc., it was determined the distribution of fluid pressure
exercised on the separator cyclone wall (figure 6). Also, in
the visualization module of the experiment results CFD
(CFX-Post) were analyzed qualitatively the flowing lines of
fluid and solid particles of flour on the vertical flat surfaces
facing on the direction of flow of the mixture (figure 7, a,b)
and lines of flowing particles of air and solid particles of
flour on flat horizontal surfaces (figure 8). It was also
determined the superficial velocity distribution of the air
and flour (figure 9).
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continuare, a fost exportat in mediul CFX. Tn rezultatul
stabilirii conditiilor de limita, alegerii modelului de
turbulenta, preciziei de calcul etc.,, s-a determinat
distributia presiunii exercitate de fluid asupra peretelui
ciclonului (figura 6). De asemenea, in modulul de
vizualizare a rezultatului experimentului CFD (CFX-Post)
au fost analizate calitativ liniile de curgere a fluidului si
particulelor solide de faind pe suprafete plane verticale
orientate pe directia de curgere a amestecului (figura 7,
a,b) si liniile de curgere a aerului si particulelor solide de
faind pe suprafete plane orizontale (figura 8). De
asemenea, s-a determinat distributia vitezei superficiale a
aerului si a fainii (figura 9).
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Fig. 6 - Cyclone wall pressure distribution I
Distribufia presiunii pe peretele ciclonului

0378
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Fig. 7 - Flow lines for the two phases of heterogeneous mixture: a) air, b) flour /
Liniile de curgere pentru cele doud faze ale amestecului eterogen: a) pentru aer; b) pentru faina
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Fig. 8 - Contour plots of velocity in the horizontal plane XZ: a) air, b) flour /
Conturul vitezei in plan orizontal XZ: a) pentru aer; b) pentru faina /
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Fig. 9 - Superficial velocity distribution: a) air, b) flour /
Distribufia vitezei superficiale: a) pentru aer; b) pentru faina

CONCLUSIONS

CFD method is becoming increasingly used in
modelling the systems which include the fluid flow from
many areas. The CFD codes make possible to solve
numerically the transport of fluids, mass and energy
balances in systems with very complicated geometry. The
results show special patterns of flow and heat transfer that
are very difficult to obtain by experimental methods or
conventional modelling methods.

The use of the CFD numerical analysis, in this case
ANSYS CFX-5.7, in air cleaning systems research with
cyclones, allowed the determination of important
parameters such as: pressure distribution and velocity
field inside the cyclone, determining the flow lines of the
current generated by tangential supply and the assessing
performance of the cyclone separator. This allows
assessing the performance of the object studied without
significant expense, with minimum effort and maximum
efficiency.

To describe the complex flow inside the cyclone taking
into account the interaction from heterogeneous mixture
with high content of solid particle must be made several
simplifying assumptions. The turbulence terms of Navier-
Stokes equations are formulated based on k-¢ model. The
mediation Reynolds leads to the turbulence diffusion
equation of particles transported and the diffusivity of the
particles can be estimated by considering only the random
movement of the most intense turbulent eddies.

Due to particle inertia, large particles are less affected
by turbulence. The particle interaction in the
heterogeneous systems is attributed to disturbance of the
process of free particles sedimentation.

Dimensional calculations are very helpful to explain
the separation process, which should contain all its
essential elements, including the interaction of particle
with the cyclone wall or their accumulation near the
bottom drain hole.
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CONCLUZII

Metoda CFD devine din ce in ce mai utilizata Tn
modelarea sistemelor care includ curgerea fluidelor din
multe domenii. Codurile CFD fac posibila rezolvarea
numerica a transportului fluidelor, bilanturilor de masa si
energie Tn sisteme cu geometrie foarte complicata.
Rezultatele prezintda modele deosebite ale curgerii si
transferului de caldura ce sunt foarte greu de obtinut
experimental sau prin metode de modelare conventionale.

Utilizarea mediilor de analiza numerica CFD, in cazul
dat ANSYS CFX-5.7, In cadrul cercetarii sistemelor de
purificare a aerului cu cicloane, permite determinarea
parametrilor importanti cum ar fi: distributia presiunii si
campului de viteze in interiorul ciclonului; determinarea
liniilor de curgere ale curentului generat de alimentarea
tangentiald; aprecierea performantei de separare a
cicloanelor si multi alti parametri. Acest fapt permite
aprecierea performantei obiectului studiat fara cheltuieli
considerabile, cu efort minim si maxima operativitate.

Pentru a descrie curgerea complexa din interiorul
ciclonului luand in considerare interactiunile din amestecul
eterogen cu continut ridicat de particule solide, trebuie sa fie
asumate céteva ipoteze simplificatoare. Termenii de
turbulenta ai ecuatiilor Navier-Stokes sunt formulati pe baza
modelului k-¢. Medierea Reynolds conduce la ecuatia difuziei
turbulentei a particulelor transportate, iar difuzibilitatea
particulelor poate fi estimata luand n considerare numai
miscarea aleatoare a celor mai intense vartejuri turbulente.

Datorita inertiei particulelor, particulele mari sunt mai
putin afectate de turbulente. Interactiunea particulelor in
sistemele eterogene este atribuita perturbarii sedimentarii
libere a particulelor.

Calculele tridimensionale sunt de un real ajutor
pentru a explica procesul de separare, care sa cuprinda
toate elementele sale esentiale, inclusiv interactiunea
particulelor cu peretele ciclonului sau acumularea
acestora Tn apropierea orificiului de scurgere inferior.
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