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Cmeopena xomn’tomepna mooesv, AKa 0a€ MOJiC-
aueicmv docaidxcyeamu podomy neui 0as 00podKU
Mamepiany 3a0anozo Gpaxuiiinozo ckaaoy.

Hocaidxceno pobomy anapamy 3 piznumu epa-
Huunumu ymoeamu. Busnaueno mpaexmopiro
uacmunox 6 podouil 30mi i uac ixnvozo nepedyean-
HsL 6 anapami, a maxoic 2iopoouUHaMiuHy cmpyKmy-
Py nomoxy. Ompumani pesyavmamu Moxcymo Gymu
sukopucmani 01 Mmooento8amns edexmuenocmi
Peaxkuiinux npouecie, onmumidayii KOHCMpPYKuii
neui ma pexcumie ii podomu

Kniouoei caosa: wuucenvne modenrosanns,
uuKJIonHa niv-dexapoonizamop, po3noodin uacmu-

HOK, nomix 2a3-vacmunKu, 4ac nepe6y6amm
HacmuHoK
o o

Coszdana xomnviomepnas Mmodenb, KoOmopas
daem 603M0ICHOCMb UCCIedo8amb padomy neuu
oz 0Opadomxu mamepuana 3a0anno2o Qpaxuyuon-
HO20 cocmasa.

Hccnedosana paboma annapama ¢ pasnuuiiot-
Mu epanunvimu ycaosuamu. Onpedenena mpaex-
mopus wacmuy, 8 padoueii 30ne u 8pems ux npeooi-
eanus 6 annapame, a maxice 2u0poouUHaAMU1ECKAs
cmpyxmypa nomoxa. Ioayuennvie pesyrvmamot
MoO2ym Obimb UCNONB30BAHBL ONSL MOOCIUPOBAHUS
appexmuenocmu peaxyuonnbLx nPoueccos, onmu-
MUBAUUU KOHCMPYKUUL NewU U PEHCUMOB ee PpadontbL

Kniouesvie caosa: uucnennoe mooenuposaiue,
UuUKJIOHUMeCKas newb-dexapbonuzamop, pacnpeoe-
Jlenue wacmuuy, nOMmox 2a3-4acmuysl, 6pems npedvt-
eanus wacmuy,

1. Introduction

At this time one of the most promising directions of lime
production is modernizing production using cyclone furnace
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for annealing finely dispersed limestone. This technology
can significantly increase the production of a product,
improve quality, reduce emissions of flue gases into the
environment [1, 2].




The cyclone-calciner furnace is popular as a gas-solids
contactor because it can handle large quantities of particles
and gas on a continuous basis. In addition, it has no moving
parts, requires limited amount of energy for its operation and
exhibits good mass- and heat transfer characteristics.

The main physics-chemical processes taking place
in the calciner furnace are combustion and the strongly
endothermic calcination reaction of the raw materials and
movement of solid phase.

At this time, there are many designs cyclone furnaces
with a different way of the gas-solids enter. The authors
propose a tangential supply of hot flow and central supply
particles at the top of the device [3, 4]. Other authors proe
pose input streams at the bottom of the device [5, 6]. All
these constructions of furnaces have their advantages and
disadvantages and can be used for calcination processes.

The effectiveness of such devices is highly dependent on
the aerodynamics of the solid and gas phases motion in the
device working area. Therefore, understanding the mecha-
nisms of flow and transport phenomena in the calciner-fur-
nace is very important for efficient lime production.

Using of experimental methods to investigate this phe-
nomena is complex and expensive, thus the use of numerical
techniques is more attractive way to obtain the necessary
information about the flow and transport processes inside
the cyclone furnace calciner. Moreover, CFD can be used
to simulate and optimize mixing gas-solids processes, the
phases distribution [7], for the prediction of the velocity,
temperature and concentration fields of gases and of particle
trajectories in calciner [8,9]. In addition, heat transfer and
chemistry in calciner can be modeled using CFD [10].

Thus, the results of modelling flow, the influence of
solid particles and hydrodynamic flow in the industrial cy-
clone-calciner furnace will be presented in this paper.

2. Analysis of published data and problem statement

The choice of optimal work regimes of cyclone-calciner
furnace is very important to maximize the work efficiency
this device and the fuel consumption. This primarily
concerns the definition of air mass flow rate for the gas
combustion, distribution and transporting solid phase in the
working area of the furnace [11].

It is very important that the particles are well distributed
in work zone of cyclone-calciner furnace for better efficiency
of the lime production. In addition, the residence time of the
material particles should be sufficient for calcination and
depends on gas flow too [12, 13].

In chemical engineering, the concept of particles
residence time distribution is fundamental to furnace design.
Currently, the main way to study aerodynamics furnace
is experimental research using tracer elements or colored
streams.

There are different theoretical and empirical equations
to calculate the residence time of the particles needed for
calcination. These equations show that the calcination
time depends on a diameter of the particles, a temperature
of the flow and a chemical composition of raw materials.
According to these equations, the calcination time of
the particles in the furnace and geometry of the calciner
working area can be calculated [14, 15]. This approach
to the definition of aerodynamics in the work zone of
apparatus is not accurate and can’t detect design flaws

such as bypass and dead zones in furnace. Also, it should
be noted that most of these equations are limited to the
application and can not be used for a wide range of device
designs.

Because of CFD is capable for predicting the complete
velocity and particles distribution in a vessel, it provides
an alternative, indeed, simpler means of determining the
residence time distribution and aerodynamics of furnace.

The lack of a reliable method of the particles distribution
calculation in devices of this type and the impact of operating
and design parameters on the efficiency of the furnace needs
the research in this area.

3. Purpose and objectives of the study

This study aim is to investigate the particles distribution
in the industrial cyclone calciner-furnace. The main
challenge of this project was to build a reliable CFD model
based on the industrial calciner and a selection of boundary
conditions according to industrial data, as well as the
calculation of the optimal distribution of the air supply
to the burner and additional flow. This additional flow
should be sufficient to eliminate the particles falling in the
region of the burner and to vortex generation by repeatedly
circulating the gas-solids flow.

In accordance with the set goal the following research
objectives are identified:

1. Creating a geometric model of the internal cavity of
the furnace.

2. Building a mesh model of the furnace and discretization
of the computational domain with the two versions of the
boundary conditions.

3. Setting of gas-solids flow physical models and
performing series of simulations.

4. Analysis of the particles distribution in the furnace
and determining the optimal operating conditions of the
furnace.

4. Materials and methods of gas-solid flow CFD-
modelling in the cyclone-calciner furnace

4. 1. Cyclone-calciner furnace geometry

The modeled cyclone-calciner furnace is shown in
Fig. 1, a, b. The calcinations processes take place in the
work zone 1 of the furnace, consisting of a 0.8 m diameter
cylinder with 4,4 m height and the combustion processes
take place in a conical section 2.

The air is introduced into the calciner in two places.
The primary air flow enters the burner 3 through the pipe 4
and additional flows enters the conical part of the calciner-
furnace via two pipes 5 tangentially. The additional flows are
inlet in the conical part of the calciner through the blades 9
where the air creats a swirling of the flow.

The fuel (methan) enters the burner through the inlet
tube 6 which has a circular shape. Natural gas and air run
into a burning chamber and mix up. In the burner burn
fuel and gases are derived through a conical section 2 and
cylindrical section 1. In this type of furnace, the burner
“I'TB-MTTI-200" is used.

The CaCOj3 particles is introduced to the conical section
of the work zone through the tube 7 in central part of the
calciner-furnace. The products such as calcined CaO solids,



COy, and other gases go out through the outlet tube 8 with
a diameter of 0.485 m. The total furnace volume is 3,4 m®.

a b

Fig. 1. Cyclone-calciner furnace geometry: a — general view
of furnace; b — burner location

The properties of the CaCOj5 particles used in the exper-
iments are described in the next section. All the geometric
data and the initial and boundary conditions were supplied
by “Pustomyty lime plant”, Ukraine.

4. 2. Model description and boundary conditions

ANSYS Fluent version 15 was used in this study to per-
form the simulation of the flow gases and particles CaCOs3
distribution in the industrial cyclone-calciner furnace.

Firstly, based on the drawings of the industrial furnace,
geometric model of the internal flows of the apparatus was
built. Then by means of the mesh generator a computational
mesh was created for this model. The resulting mesh con-
tains 157985 Nodes and 847224 Elements. All geometric
transformations were done in a software module Design
Modeler, and the mesh was created in ANSYS Meshing.

At the core of the CFD furnace model, there are the
basic equations of hydrodynamics, namely the continuity
equation (1), it expresses the law conservation of mass in the
elementary volume, and the equation of momentum conser-
vation (2). These equations represent the basic model of the
medium flow [16].

ap o
T V(pv)=S,, ®
%(F’V’)JrV(PW)= ~Vp+V(2)+pg+F, 2

where p — density, v — velocity, Sy, — is the mass added to the
continuous phase from the dispersed second phase, t — stress
tensor, p — static pressure, F — external body force, pg — the
gravitational body force.

To simulate the turbulence flow the “Realizable* k-¢
model of turbulence was used. The realizable k-¢ model con-
tains a new formulation for the turbulent viscosity and a new
transport equation for the dissipation rate, ¢, that is derived
from an exact equation for the transport of the mean-square
vorticity fluctuation. [17]. An immediate benefit of the “Re-
alizable” k-¢ model is that it provides improved predictions
for flows involving rotation, separation, and recirculation.

To simulate the particles distribution in cyclone-calciner
furnace Discrete Phase Model was used. This model neglects

the particle-particle interactions and the volume occupied
by particulate phase. For each particle, the trajectory is
calculated based on the forces balance equation acting on
the particle [18].
du g(p. — -
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where u, — velocity of particles, v — velocity of fluid,
F — additional external forces, p— density fluid, p, — density
of particles .
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where p — molecular viscosity, d, — diameter of particles,
Cp — coefficient of resistance. Re is the relative Reynolds
number which is defined as

pd,

Re= (u, —u).nt 5)
u

The drag coeficient, Cp, can be taken from

Co=a,+—=+—5 (6)
€

where aj, aj, and a3 are constants that apply for smooth
spherical particles over several ranges of Re.

Size of the particles is a very important parameter when
simulating multiphase systems. In this study, it is assumed
that all the particles are spherical. According to the experi-
mental data (Table 1) solids is composed of six different sizes
of grains.

Table 1
The particle size data

Diametr range (pm) Mass fraction in range
0-10 0.5
10-20 0.25
20-40 0.35
40-63 0.25
63-100 0.07
100-140 0.03

So, it is possible to use describe the particles distribution
in Rosin-Rammler type. Parameters describing the Rosin-
Rammler distribution of the CaCOj3 particles are listed in
Table 2.

Table 2

The particle size data in terms of the Rosin-Rammler format
Diametr, d (um) Y4 n
10 0.95 2,18
20 0.7 1,54
40 0.35 1,92
63 0.1 1,73
100 0.03 1,33
140 (0.00)

Where, Yq — the mass fraction of the particles of diameter
greater than d; n — the size distribution parameter, which is
constant.

The numerical value for n is given by:
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where d — is the mean diameter of the probe of solids
measured; d — is the size constant;

The following parameters were defined for modeling:
min. diameter 0.01 mm; max. diamter 0.14 mm; mean
diameter 0.039 mm; spread parameter 1.74; No. of diam-
eters 5. Rosin-Rammler curve fit is presented in Fig. 2.
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Fig. 2. Rosin-Rammler curve of the particles distribution

The simulations were run on the steady-state mode. Sec-
ond Order Upwind discretization scheme was used to solve
the governing equations with the pressure-based solver. The
“Realizable “ k—¢ turbulence model was applied with the
default settings.

The boundary conditions set in FLUENT are the same
like those for the industrial work of the cyclone-calciner
furnace. Productivity of furnace is 3000 kg/h and volu-
metric gas (methane) flow rate is 240 m3/h. Main air flow
inlet velocity changed from 17 to 22 m/s for all cases and
additional air flow inlet velocity changed from 1 to 5 m/s
for case 2.

The particle interaction with the walls of the furnace
was controlled using the “reflect” boundary condition on all
exterior faces.

It was assumed that the air and the particles CaCOj3
enter the cyclone-calciner with a uniform velocity profile
and the wall of the calciner has a constant temperature of
300 K. Methane flow was modelled as air flow. The tur-
bulent intensity at both inlets is 5%. Approximately
2000 iterations were made for each simulation.

5. Results of gas-solid flow CFD-modelling in the
cyclone-calciner furnace

3. 1. Particles distribution through the furnace

This chapter contains the description of a gas and parti-
cles flow in the calciner based on the simulations carried out
in ANSYS FLUENT 15. Two cases (1 and 2) with different
ratio of main and additional air flow and gas flow were an-
alyzed.

First of all, it was tried to verify the effect of solid phase
loading on the gas burner of the furnace. Moreover, it is
interesting to see the solid phase distribution in the whole
system with different operating conditions.

Initially, modelling was performed according to the op-
erating data of the plant without additional air flow — case 1.

Fig. 2, a—c represents the particles trajectories in the furnace
when main air flow inlet velocity changed from 17 to 22 m/s.
This air velocity is suitable for the most efficient combustion
in the burner. Rational excess ratio by volume fuel-air for
this type of burner is 1:11-12 and theoretical excess ratio by
volume is 1: 9,7.
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Fig. 3. Particles distribution through the furnace (Case 1):
a — main air flow inlet velocity = 17m/s; b — main air flow
inlet velocity=20 m/s; ¢ — main air flow inlet
velocity=22 m/s

As it can be seen, when the time passes the particles start
to circulate between the central pipe and the wall of furnace.
Fig. 3 shows that there is higher concentration of the solid
particles in the conical part of the furnace and above the
burner. A certain amount of particles falls outside the burn-
er. This is rather undesirable phenomena and has negative
affect on the operation of the calciner furnace. These phe-
nomena are observed even at the maximum velocity of the
main air flow (Fig. 3, ¢).

To reduce the load on the burner, it is necessary to in-
crease the flow rate. Increasing the flow rate to the system
results in lower residence time of the particles needed for
calcination. Therefore, increasing the consumption of main
air flow is impractical.



An additional method to improve the quality of particle
distribution in the furnace was to change the operating con-
dition and using additional air flow (case 2). This idea helps
to improve the particles distribution in the furnace and to
reduce the negative impact on the burner.

In this configuration of furnace geometry the particles
must be forced up into the work zone with additional air flow
instead of letting into the burner. But this method creates
some complications in selecting an initial velocity for the
additional air.

For that reason, the simulations provide two functions:
determining an initial velocity for additional air flow and
determining the effect this method has on the particle dis-
tribution.

To check the influence of the additional air in the furnace
on the particles distribution, different initial velocities were
used for the additional air flow according to the Table 2.
Fig. 4, a—c shows the trajectory of particles with different
ratios of the additional air/main air flow “f” for which the
normal operation of the furnace is observed.
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Fig. 4. Particles distribution through the furnace (Case 2):
a— f=0,26; b — f=0,22; ¢ — =0,12

In comparison with the case 1 without additional air
flow, the distribution, using an additional air flow, provides a
significantly more normal distribution of the particles for all
cases. The region of high concentration rises spirally in the
same way as the flow pattern and the particles are not spread

within the calciner in the lower parts — above the burner. In
addition, the particles are not outside the boundaries of the
burner.

5. 2. Particle residence time in the furnace

As mentioned before, particle residence time in the fur-
nace should be sufficient for the calcination process. These
parameters very strongly depend on the geometry and gas
flows of the furnace and can be determined based on numer-
ical modelling.

The residence time for both cases analyzed in this study
is presented in form of histograms. The results presented in
Fig. 5 and Fig. 6 comply with the conditions of the furnace
work which are presented in Fig. 3, 4
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Fig. 5. Particles residence time for case 1: @ — main air flow
inlet velocity =17 m/s; b — main air flow inlet
velocity=20 m/s; ¢ — main air flow inlet velocity=22 m/s

For both cases, the residence time is similar and for most
of the particles is around 3—5 (s). However, in the case 1a there
is a small amount of particles with the residence time slightly
longer than 5 (s). The reason is low speed main airflow for
this case and probably the low-velocity region is created in the
work zone of furnace. There are few particles in this zone and
thus, the residence time is up to 7 (s). This supports the results
of the simulation flow rate presented below.
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Fig. 6. Particles residence time for case 2: a — {=0,26;
b—1=0,22; c — =0,12

5. 3. Distributions of flow velocities

The distribution of flow velocities are present on Fig. 7, 8.
The Fig.7 and Fig.8 shows that the air flow is quite dif-

ferent in both cases.
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For the case 1 in the centre of the bottom part of the calcin-
er, the velocity magnitude is low. The region of low velocities
decreases in the middle of the lower conical part of the calciner,

for the case 2 when additional air flow is introduced. The addi-
tional air flow entering the calciner smoothes the flow velocity

in this region. It should be noted that increasing the additional
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Fig. 7. Distributions of flow velocities for case 1:  — main air flow inlet

flow velocity increases the tangential velocity
and increases concentration of particles near the
wall in the center of the furnace. This phenome-
non can adversely affect the calcination process
of the particles.

6. Discussion of the gas-solid flow
CFD-modelling results

The results of numerical simulations pre-
sented in this paper show that the aerody-
namic flow structure is highly heterogeneous
and depend from the inlet boundary condi-
tions.

Using additional flow in the furnace re-
duces negative impact on the burner, but
the material particles move mainly along
the outer wall of the furnace in the form of
“strip” that is curved along the lines twist the
gas flow. This phenomenon could adversely
affect the calcination process particles in the

velocity =17 m/s; b — main air flow inlet velocity=20 m/s; ¢ — main air flow
inlet velocity=22 m/s

furnace, because the temperature flow in the
periphery of the furnace is low.




Particular attention should be paid to the core flow over
the burner where there is a zone of low speed (Fig.7 and
Fig. 8). Possible cause is a bad device geometry blade vor-
tex burner. This fact may serve in the future for additional
research to optimize the design of blades and modernization
of furnace design.

Comparison of actual furnace work and model shows
that for the case 1, without additional air flow, localiza-
tion of the particles at the bottom of the furnace is simi-
larly. This suggests that the developed computer model is
adequate.

But quantification of solids accumulation at the bot-
tom of the furnace (especially for case 2) shows that the
rate of solid phase formation is higher for actual furnace.
However, we believe this result is logical, because the
model is created with a number of assumptions. Specif-
ically excluded number of important processes such as
combustion and calcination processes and gas flows are
modeled as air.

We must pay attention to the simulation results of the
particle residence time in the apparatus represented in Fig. 5
and Fig. 6, respectively.

Established fact that the use of additional flow does not
reduce significantly the residence time of particles, and it
opens the possibility for effective regulation of the furnace
in industrial production.

So, using the additional air flown can be a viable way to
get more normal distributions of particles when the furnace
design can not be easily changed.

According to the present results, we can recommend
additional intake air flow in the range of 3—5 m/s. The final
selection will be done based on the analysis of combustion
processes and chemical kinetics in the working area of the
furnace. The results of this simulation in the following study
will be presented.

7. Conclusions

The aims of this work were to study distributions of
gas flow and trajectories of particles in the industrial cy-
clone-calciner furnace as well as developing reliable mod-
elling tools for the next simulation of combustion processes
and chemical kinetics between two-phase flows.

Two cases were studied in present work: case 1 is the
flow of particles CaCOs in the calciner-furnace without inlet
additional air flow and case 2 is the flow of particles with
additional air flow.

According to the presented results based on the numer-
ical simulations, for both cases were defined the hydrody-
namic structure of flows, a residence time and a particles
distribution in calciner-furnace.

The results show that the case 1, in comparison with the
case 2 provides better mixing and distribution of particles
CaCQOgy in the calciner-furnace but high solids phase con-
centration was observed in the vicinity of the burner for this
case. In addition, some solid phases fall outside the burner.
This is rather undesirable phenomenon and have negatively
affect on the operation of the calciner-furnace.

In the case 2, the entire flow moves up without signif-
icant negative effects on the burner. It means that high
swirling additional air does ensure high turbulence of the
flow, especially in lower parts of the calciner-furnace. On the
other hand, high particles concentration was observed in the
vicinity of the walls for the case 2. It should be noted that a
vortex resulting from the high swirling flow is beneficial to
ensure full heat transfer between the air and the particles
and good dispersion of the solid phase.

Therefore, CFD-modelling of multiphase flows present-
ed in this work allows a deeper understanding of the process-
es under study and can be used for the optimization of lime
calciner-furnace geometry and operating conditions.
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Hagsoosmvcsa mamepianu wo0o pos-
PoOKu ma ananisy enepeemunnoi eex-
mueHocmi 08ONANUBHUX MOHAPHUX
napozazosux ycmanosox 3 popxomaom,
Wo NMpauloe Ha NAIUBAX-3AMIHHUKAX
npupoonozo a3y Hu3vKoi ado cepeonvoi
xanopiunocmi. Poszensdaromvca mex-
HOJ02T4HI CXeMu 0aHUX YCMAHOB0K, AKI
gionosioaromv pobomi mennoymusiza-
UiliH020 KOHmMYpY 6 pexcumi nidizpisy
HCUBUNILHOT 600U Mma 6 pexcumi il nidi-
epiey ma eunaposysanis

Kniouosi caosa: deéoxnanuena
MOHapHa 2a3onaposa ycmamosxa, Qop-
Komea, nanuea — 3aMIHHUKU NPUpoo-
H020 2a3y
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Ipusoosmcs mamepuanvt no pas-
pabomxe u ananusy sHepzemuueckou
appexmuenocmu  08YxXMoONAUBHBLX
MOHAPHBIX NAP02A306bIX YCMAHOBOK C
¢dopxomaom, pabomarowum na monau-
8aAX-3AMEHUMENAX NPUPOOHO20 2434
HU3KOU uu cpeonell KaaLOPUUHOCTMU.
Paccmampueaiomcs mexmnonosuueckue
cxXemvl 0AHHBIX YCMAHOBOK, COOMEEM-
cmeyouue pabome Mmenioymuau3auu-
OHHO20 KOHmMYpa 6 pejxcume nodozpe-
6a numamesvbHOU 600bL U 8 pelcume ee
noodoezpesa u ucnapenus

Kniouesvte cnoea: dsyxmonauenas
MoHapHnas easzonapoeas Ycmawosxa,
dopxomen, monausa — 3amenumenu
npupoonozo 2asa

u] =,

|DOI: 10.15587 /1729-4061.2015.43465 \

TEPMOAUHAMUYECKUU
AHAJIU3 SHEPTETUYECKOMH
3PDPEKTUBHOCTH
ANBYXTOMJIUBHbIX
MOHAPHDbIX TA30MAPOBbIX
YCTAHOBOK

F.M. Niw6uug

JoKTop TeXHUYeCKUX HayK, Npodpeccop

H. M. ®uanko

JloKkTop TexHWUeckux Hayk, npodeccop,
3aBeflylolLlas OTAE/IOM, 3aC/yXKEHHDbIN [eATeNlb HAYKU U TEXHWKH,
uneH-koppecnoHaeHT HAH YkpauHbi®*
E-mail: nmfialko@ukr.net

A. Perparwu

Mnagwnm Hay4uHbIA COTPYAHUK

E-mail: regrab@rambler.ru

P.A. HaBpopackasd

BenyLimi HayuHbIM cOTpYaHUK®

E-mail: navrodskaya@rambler.ru

O.H. KytHak

Mnagwnm Hay4uHbIA COTPYAHUK

E-mail: onrutnak@ukr.net

N.A. WBeyoBa

Mnagwnm Hay4uHbIA COTPYAHUK

E-mail: akimowna.lyudmila@yandex.ru
*Othen Manomn aHepreTUKu

NHcTUTyT TexHuueckon tennodpmankn HAH YkpauHbl
yn. Xensbosa, 2a, r. Kues, Ykpaunra, 03057

1. BBenenue

TexHosioruii. Cpesn pa3jiMYHbIX My Tei TAKOTO COBEPIIEH-

OnHUM U3 TepCHeKTUBHBIX HaNPaBJICHWH Pa3BUTHI
raszorypbunubix ycranosok (I'TY) aBagercs, Kak u3-
BECTHO, COBEPIIEHCTBOBAHUE MOHAPHBIX Ta30MapOBBIX

CTBOBAHUS BbIjleJsieTCss pa3padoTKa CXeMHbIX PElIeHUN,
OPHMEHTUPOBAHHBIX Ha cOKpalienue norpedaenust aedu-
LIUTHBLIX, BBICOKOKAJOPUNHBIX SHEPreTUYeCKUX TOILJIUB
(mpUPOAHBIN ra3 n crerrajbHble MAPKU SKUKUX Ta30TyP-




