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Hasedeno pesyavmamu 00CaioHcenns 3minu memnepamypu 2a3o-
NOGIMPAHUX NOMOKIE HA 6UX00T 13 30HU GUNATIOBAHHS 1 peKynepauii
KOHBeEpHOT 8Unant08aIbHoi mawunu. Busnavweno ennue yux memnepa-
myp Ha iHWi MexXHO102i4HI 30HU.

Toxazamno, wo cepednvboosd’eMni 3HaUeHHT Memnepamyp 2a3o-
NOGIMPAHUX NOMOKIE i3 30H BUNATIIOBAHHS | peKynepauii € excno-
HEHUIAIbHUMU 3ATIEHCHOCMAMU 610 Mmemnepamyp 2a3on06impaHux
nomoxie Hao wapom o6Komuwie y uux zonax. Bcmanosaeno, wo 36i1v-
wenHa WweuoKocmi nepemiuiens eunaosaiviux 6isxkie 6io 0,011 m/c
00 0,06 m/c npueodumv do 3menwenns y 1,7 pasu cepeonvood’em-
HO020 3HAUEHHS MeMnepamypu HAzpimozo 2a3on0siMpsHOz0 NOMOKY.
30ivutents ucomu wapy o0KOMuwie Ha GUNANIOBANVHUX GI3KAX HA
30 gidcomxie npu noCMitiniil 2a30NPOHUKHOCE ULOZO WAPY NPUBO-
Oumv 00 3MEHULEHHS NO EKCNOHEHUIATILHOMY 3AKOHY Cepeonb00s’em-
HY memnepamypy 2a3onoeimpanozo nomoxy 6 2,5 pazu na 6uxooi iz
30H unamosanns i pexynepauii. IIpu 3mini mucky 6 30mi sunanosan-
Ha na 20 %, nocmitinii wieuoKocmi nepemiueHns 6Unamo8aIbHuxX 6i3-
xie 0,049 m/c, sucomi wapy ooxomuwie 450 mm i nopucmocmi wapy
obkomuwie pienoro 0,45 M>/mM> cepednvoo6’emni memnepamypu zaso-
NOSIMPAHUX NOMOKIE HA 6UX001 3 WAPY 00KOMUWIE 3IMEHUYIOMbCSL 00
MPLOXKPAMHOL 8eTIUMUHU.

s ananizy memnepamypiozo pexcumy 2a30n08impsHoz0 NOMoKy
Ha 6UX00i 30HU BUNATIIOBAHHS 00KOMUWLIE BUKOPUCMAHO MAMEMAMUY -
Hy Mo0ens. B ocnosi mamemamuunoi moodeni 8paxosano, wo 6xoou i
BUX00U MEXHONOIMHUX 30H MAWUHU NOG A3AHI PIBHAHHAMU 2A300U-
HaMiKu, menyioooMiny i MacoooMminy.

Hocaioxcenns 00360auno pospodbumu i npedcmasumu asmomamu-
3068any cucmemy YnpasaiHHs OUMOMSAMU 3A CEPeOHbO0s EMHUMU
memnepamypamu 2azonoeimpAHUX NOMOKie Ha 6UxX00i i3 MeXHOJL02iH-
HUX 30H 6UNAI0BAHNS i peKYynepauii, aKa Modice Oymu euKOpucmana é
NPOMUCIIOBUX YMOBAX.

Y pesynvmami 3abe3neuyemocs noxkpauienns mepminiozo npoyecy
ma 2a300unamiuioi podomu MexnHonNoiMHUX 301 KOHEEEPHOL 6UNAIO-
8AIbHOT MAWUHY

Kniouosi caoea: xoneecpna mawuna, mexmonoeiuni 30Hu, wap
o0Komuwie, memnepamypa, Muck, KepyeamHs 2a3onoeimpsHuMuU
nomoxamu
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1. Introduction

Conveyor plants (CP) are complex energy systems,
which provide a thermal process for production of iron ore
pellets. Such technological plants belong to the most ener-
gy-intensive plants.

At present, there is a need to ensure maximum produc-
tion of iron ore pellets at CP with high quality and lower
energy consumption. This affects substantially the cost of
finished products of the treatment plant of ore-dressing and
processing enterprise.

The most important direction of energy saving is the eco-
nomical burning of fuel and the rational use of gas-air flows
in production of iron ore pellets. The processes of tempera-
ture and gas-dynamic modes, which operate in each zone of
CP, significantly affect production of pellets. Additionally,
their energy consumption changes during transportation,
drying, preheating, calcination, and cooling.

It is necessary to observe a temperature range and time
of treatment in each zone strictly to obtain the finest qual-

ity materials at production of iron ore pellets. There are
other parameters, which affect the structure and durability
of calcined pellets in addition to parameters of the thermal
process for treatment of pellets, which determine param-
eters of CP zones. These parameters include support of
uniformity of processes of drying, preheating, calcination,
and cooling of an entire layer of pellets. It can be achieved
by maintaining the required temperature of gas-air flow
over CP zones. Therefore, these are the relevant issues to
study the patterns and processes, which occur in each tech-
nological zone, and especially improvement of gas-dynamic
characteristics of CP.

There is no full control of the observance of gas-dy-
namic and temperature characteristics at CP in its tech-
nological zones at production of pellets due to the practical
impossibility of direct measurement of temperature in a
layer of pellets in calcination carts. Therefore, we have to
control the thermal process of production of pellets based
on non-direct determination of temperature of pellets [1].
Experts carry out studies in this area and there are new




developments in this field. The works devoted to investi-
gations that significantly affect the efficiency of drying,
calcination, and cooling zones of CP, confirm achievement
of new developments [2-4]. This indicates that additional
research is necessary to clarify redistribution of gas-air
flow parameters over CP zones. It is necessary to take into
consideration its value at the changes of the speed of move-
ment of calcination carts, of the height of a layer of pellets
on them, etc. Taking into consideration such changes will
provide an efficient gas-dynamic mode in CP zones and,
as a result, fabrication of quality products. That is, this
approach shows also that the study topics devoted to the
thermal process of production of pellets at CP with the
control of gas-air flow parameters is an actual scientific and
practical task.

2. Literature review and problem statement

Paper [5] presents the results of studies on two-level
system of optimization of the mode of heat treatment of
pellets. It shows that periodical solution of the problem
of static optimization of the mode based on mathematical
models of technological zones occurs at the upper level. At
the same time, estimation of parameters of a pellet layer
and stabilization of the optimal mode of heat treatment
occurs at the lower level. But there are still unresolved
issues related to the failure to take into consideration
parameters for determination of the influence of gas-
air flows on technological zones of CP in mathematical
expressions of the model. The reasons for this are the
difficulties associated with measurement of parameters
of gas-air flows in CP technological zones. An option to
overcome the difficulties may be the studies and their
results presented in paper [6]. It proposes the thermal
model of the calcination process of pellets to determine
temperature distribution by the height of a layer in sep-
arate zones of CP. It establishes basic dependencies and
thermophysical properties of material. They are source
data for modeling of the process.

However, the model does not solve the issue of mainte-
nance of the given parameters of gas-air flows over CP tech-
nological zones. There is a comparative analysis of modern
heat engineering schemes of conveyor calcination plants for
heat treatment of iron ore pellets in work [7]. It shows that
each of the analyzed schemes has reserves for improvement
of performance. But it does not consider the issue of man-
agement with existing draught devices, which would provide
saving of gas and heat energy. A decrease in the average
consumption of natural gas by 2 m?/year is possible at using
of the control system of the thermal process of pellet produc-
tion with a fuzzy controller [8]. Simultaneous introduction
of atomic-emission spectroscopy to this system increases
the efficiency of CP by 2.5 %, due to more uniform gas per-
meability of a layer of pellets, which leads to an increase in
the rate of filtration of a gas flow and intensification of the
heat transfer process in a layer of pellets. But the issue of the
influence of gas-air flows from one technological zone to the
other zone remained unresolved. The mathematical model
used in a fuzzy controller system does not take into consid-
eration changes in parameters of gas-air flows that affect the
quality of pellets.

Paper [9] presents the research results on using of tem-
perature distribution in a layer of pellets in the technologi-

cal calcination zone in the model. The model simulates the
processes of heat exchange and thermal irradiation by the
height of a layer of pellets. However, the model does not take
into consideration the change in parameters of the gas-air
flow, which leads to significant errors in determination of
the parameters of the thermal mode of pellets in the calci-
nation zone of CP. All mentioned leads to a decrease in CP
performance. According to work [10], the main parameter
that practically determines the performance of CP is the
coefficient of resistance of a layer of pellets. Therefore, to
determine the gas-dynamic state of a layer, it is expedient
to use the semi-empirical Darcy-Weisbach equation, which
is widely used in spherical gas dynamics. We can use this
approach to determine parameters of gas-air flows at the
outlets of technological zones. However, it is not possible to
use this approach for determination of redistribution of these
flows over CP zones.

Other works notice, that such technology of treatment
of iron ore pellets at CP, which contain charge materials,
has a number of difficulties and features [2, 4]. They include
significant energy costs at non-rational use of gas-air flows.
In addition, there is no possibility to control temperature
of a pellets layer in real time when calcination carts move
through CP technological zones [6,9, 10]. All this leads
to a low-quality thermal process in production of pellets.
However, it is not possible to solve the intensification of heat
exchange in a layer of pellets by control of the speed of move-
ment of high-temperature gas-air flows, their parameters
depend on the height of a layer and the power of smoke ex-
hausters. The results of other studies [4, 11] show that there
is no optimum height of a layer of pellets by productivity on
calcination carts of CP at all values of discharge in vacuum
chambers of technological zones. Thus, the optimum height
of raw pellets should be 0.45-0.48 m at a discharge of about
4.5kPa in vacuum chambers of technological zones with
high temperature, and it should be 0.5-0.55 m together with
the “bed”, but it does not hold in the specified ranges.

However, we should note that this work does not consid-
er possibility of using of automated systems to control redis-
tribution of gas-air flows in technological zones of CP. This
means that it does not determine fully how the process of
changes in parameters of a gas-air flow proceeds in CP zones.

Scientific works [2, 6, 11] recommend to use optimal
modes of the thermal process, which give possibility to ob-
tain iron ore pellets with high metallurgical properties. They
propose mathematical models for control of the process of
production of pellets at CP. In this case, the mathematical
models do not take into consideration the influence of pa-
rameters of gas-air flows on the thermal process and do not
solve the issue of redistribution of these flows in technolog-
ical zones of CP.

Except for the analysis of the behavior of thermal pro-
cesses on mathematical models, researchers look for ways
to improve the quality of iron ore pellets and to increase
productivity of CP on these models [12—16]. Thus, the auto-
matic control system for thermal treatment of pellets at CP
provides adaptation of known models and control algorithms
to changes in parameters of an object and external influences
in paper [12]. The models take into consideration speed of
tape movement, height of a layer, gas consumption, speed of
blowing, humidity, and an average diameter of pellets, ba-
sicity, and composition of iron in pellets. This increases the
CP productivity by 2.5 %. However, there are problems with
real-time measurement of technological parameters in a flow.



For example, what is the temperature inside a layer of pellets
on calcination carts. It does not take into consideration dis-
tribution of heat of gas-air flows in CP zones. The behavior
of the process leads to obtaining of low-quality pellets and
excessive consumption of natural gas.

Papers [14, 15] propose new technologies in scientific
researches devoted to methodologies of system analysis
and procedures for the use of mathematical modeling of
thermophysical processes in metallurgy [14, 15]. These
papers provide possible ways to improve technical and
economic performance of CP. The papers propose further
modernization of existing automated systems for control
of process of calcination of pellets in the direction of
optimization of the technological mode. Authors use the
modern theory of automatic control, but they do not con-
sider the process of pellets production fully. The models
proposed do not take into consideration the influence of
temperature of gas-air flows of adjacent zones on the pro-
cess of pellets production.

Disadvantages of the models presented in works [13, 16]
include neglection of the heat exchange between raw pellets
and calcined ones, located along the perimeter of calcination
carts, and between pellets and carts. The models do not take
into consideration the influence of temperature of a gas-air
flow, which goes from the calcination and recuperation zones
to drying and preheating zones, on the thermal process of
pellets production.

Studies performed in paper [17] made it possible to es-
tablish necessity of differentiated stacking of pellets by the
height of a layer to exclude unevenness of their heat treat-
ment. The paper proposes the construction of roll vibration
screen, which provides the necessary segregation of granules
along horizons. However, authors do not consider the ques-
tion of how a gas-air flow influences the thermal process
with such stacking of pellets.

Paper [18] presents a mathematical model of the process
of calcination of ore-coal pellets at CP. The structure of ore-
coal pellets is a sphere, which consists of evenly distributed
granules of ore, limestone and fuel, in the model. The bases
of the radii of the spheres are possibilities of mill equipment,
which limits application of this model significantly. Work [19]
presents the results of the dynamic modeling of processes
of induction of granules in a direct-flow system. The known
models do not take into consideration distribution of heat
and the effect of the speed of a gas-air flow on the process of
pellets production. The model does not calculate a change in
the internal energy of each of interacting pellets. Authors of
the work did not calculate the amount of air required for full
combustion of natural gas, which would ensure its more ra-
tional use. The model does not give possibility to determine a
change in temperature of a gas-air flow during the passage of
a layer of pellets. The main advantage of other mathematical
models is optimization of the calcination process of pellets
by separate zones of CP [20,21]. However, the proposed
optimization of thermal treatment of pellets does not make
it possible rational use of gas-air flows over technological
zones of CP. Taking into consideration the effect of these
flows, it practically leads to a decrease in specific energy
consumption.

In addition, it is necessary to perform additional trans-
formations to switch from heat amount to specific tempera-
ture values in the technological zones of calcination and
recuperation. Scientists investigate a decrease of pressure
of a flow in a dense layer by the height and the change in

the radii of pellets using mathematical models [20-23].
Researchers do not consider influence and redistribution
of parameters of gas-air flows on technological zones and
along a whole CP in the mentioned models. Non-definition
of these parameters leads to low-quality thermal process of
pellets production. The presented results of studies in these
scientific works do not give possibility to develop technical
decisions intended to provide improvement of gas-dynamic
characteristics in a layer of pellets and technological zones
of CP. Other researchers analyze the effect of the coefficient
of gas-dynamic resistance of a layer of pellets on the thermal
process of pellets production [24]. As we know, porosity of
a layer of pellets varies from zone to zone, so gas-air flows
change significantly when passing through a layer of pel-
lets in each technology area. This leads to a change in the
thermal process of pellets production of CP. There are not
regularities of gas-air flow parameters change taking into
consideration the coefficient of gas-dynamic resistance of a
layer of pellets in this scientific work.

The works by authors who study gas dynamics of flows
on mathematical models and simulate cooling of a layer of
pellets, or investigate a decrease in pressure in a dense layer
are of particular interest [25-27]. Some models complicate
adsorption and desorption processes [28]. Researchers use
predictive ANFIS-models [29] to control the temperature
mode of the calcination process in most modern studies.
However, known models do not give a complete picture of
distribution of a gas-air flow through CP zones.

We did not find research results, which improve the
energy efficiency of gas-dynamic characteristics during the
thermal process of production of pellets. Therefore, there are
reasons to believe that there is a lack of certainty of the influ-
ence of parameters of gas-air flows supplied from the techno-
logical zones of calcination and recuperation to other zones.
And there is no definition of the influence of atmospheric air
on the thermal process of pellets production. It is possible to
assume that control of gas-air flow parameters can increase
not only the quality of the heat treatment process of iron ore
pellets, but also decrease consumption of natural fuel and
an amount of harmful emissions into the atmosphere. The
provision of the best gas-dynamic characteristics for CP
necessitates the study in this direction.

3. The aim and objectives of the study

The aim of this study is to investigate a change in pa-
rameters of gas-air flows at an outlet of technological zones
of calcination and recuperation of CP with determination of
possibility of control of the thermal process of production of
iron ore pellets in the function of a change in temperature of
gas-air flows, which go out of these zones.

We set the following tasks to achieve the objective:

—to determine parameters of gas-air flows, which go out
of the technological zones of calcination and recuperation
and affect the thermal process of pellets production at CP
and, based on these definitions, development of a structural
diagram of the control of the smoke exhausters for control
of the thermal process of pellets iron ore production at CP;

—to determine the distribution of temperatures of gas-
air flows in the technological zones of CP during control of
smoke exhausters in the functions of medium-volume tem-
peratures of gas-air flows, which go out the technological
zones of calcination and recuperation.



4. Determination of parameters of gas-air flows, which
influence the thermal process of pellets production at CP

It is necessary to remember that CP operates under dif-
ferent modes, loads, diverse disturbances, with raw materials
and energy carriers, which have different characteristics to
find parameters of gas-air flows going out from the tech-
nological zones of calcination and recuperation. Changes
in these characteristics leads to fluctuations in the aerody-
namic resistance of a layer of pellets, which, in turn affects a
number of vacuum chucks under calcination carts, and, ac-
cordingly, parameters of a gas-air flow under them, breaking
gas permeability of a layer. For these reasons, maintenance of
the scheduled mode of the thermal process of pellets produc-
tion at CP must occur taking into consideration parameters
of gas-air flows and determination of an amount of air supply.

Researchers improve the automated control systems
of the thermal process in separate technological zones are
improved, widely using various algorithms of operation and
mathematical models, for a more qualitative course of the
thermal process of production of iron ore pellets at CP. They
use the results of experiments, statistical tests, expert evalu-
ation and results of complex calculations as source data. Let
us consider the following source data depending on a type
of CP. The height of the layer of pellets on calcination carts
keeps at a level from 0.32 to 0.5 m, and the diameter of pellets
varies from 5 to 16 mm with moisture content in the range
from 8.8 to 10.8 %. The fluctuation of the load of the layer
of raw pellets on calcination carts reaches 20 % at a produc-
tivity of 250 t/h, which are approximately 55-85 kg /s. This
causes an uneven height of the layer of pellets [3, 15]. The
speed of movement of calcination carts changes along the
technological zones of CP from 0.5 to 5.6 m/min, respective-
ly, depending on the mentioned load fluctuation.

The thermal process of pellets production at CP practical-
ly depends on the speed of filtration (movement) of a gas-air
flow through a layer [15, 17]. The speed value closely interacts
with gas permeability through a layer of pellets. The speed of
air filtration depends on parameters of pellets in a layer and
a value of dilution under calcination carts. Therefore, with
the transition to a new technology, for example, the baking
of pellets with an increase of the height of a layer to improve
performance of CP goes before reconstruction of a smoke
exhauster, increasing power of their motors. We know that an
increase in vacuum is associated with an increase in the cost of
electricity and air, and compaction of CP requires significant
additional capital costs.

Therefore, it is now better to
devote time to research aimed at
the rational use and management
of parameters of gas-air flows and
timely delivery of atmospheric air

control of parameters of gas-air flows in the function of a
change in the temperature of a gas-air flow, which goes out
from the zones of calcination and recuperation. To do this,
it's enough to use automated control of the smoke exhaust-
ers, which can operate by different algorithms and models.
In addition, due to rational management of supply of atmo-
spheric air, which enters the calcination zone through the
cooling zone, by smoke exhauster, we can provide optimal
gas-dynamic characteristics in this and other CP zones. This
changes the quality of the heat treatment process, reduces
energy consumption and reduces an amount of harmful
emissions into the atmosphere.

5. Development of the structural scheme of the
automated control system of smoke exhausters of CP

We developed an automated control system (ACS) of
smoke exhausters for the effective automatic control of dis-
tribution of gas-air flows at CP in the function of changes in
parameters of a gas-air flow, which goes out from the zones
of calcination and recuperation. Fig. 1 shows the structural
heat engineering scheme of CP and ACS. The scheme con-
sists of the following structural elements: E1, ..., E5 — smoke
exhausters, GC — gas cleaning, CU1, ..., CU3 — control units,
TS1 and TS2 — temperature sensors, Shp — a sensor of the
height of pellets, Sy, — a speed sensor of calcination carts
movement.

Pellets on the calcination carts move sequentially through
the zones: drying zones — 1 and 2, preheating zone — 3,
calcination zone — 4, recuperation zone — 5 and cooling
zones — 6 and 7. There is air fed into cooling zone 7. This air
is heated as it passes through a layer of heated pellets and
cools them, then it goes to cooling zone 6. The gas-air flow
heated to 900 °C is pyritic, is goes to the following zones:
recuperation 5, calcination 4, preheating 3 and drying 2. At
the same time heating of the gas-air flow to 1,300 °C occurs
in the calcination zone due to burning of natural gas. There
are burners to burn the gas. The gas-air flow heated to this
temperature goes through the layer of pellets and brings
them to calcination. The gas air flow of cooling zone 7, fed
into preheating zone 3, removes the residual moisture from
pellets. The smoke exhauster E6 supplies the gas air flow to
drying zone 2 after passing through the layer of pellets in
calcination zone 4. In drying zone 1, the gas air flow enters
the pellets layer by blowing it from below into section 1 and
suction from the top to section 2.
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in the technological zones of CP.
Smoke exhausters provide this con-

trol. In this case, the automated
control system for smoke exhaust-
ers must take into consideration
parameters of gas-air flows, tech-
nical and technological parameters
of CP and pellets. There are vari-
ous structures of thermal engineer-
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ing schemes of CP, as indicated in
works [2, 7]. However, it is possible
to improve their performance by

Fig. 1. ACS with smoke exhausters by the temperature of gas-air flows, which come
from the technological zones of calcination, recuperation and cooling of CP



Implementation of a technical solution aimed at the
transfer of the maximum amount of coolant from the cooling
furnace to the pipes of the heating zone occurs by direct flow.
The high-temperature gas-air flow from cooling zone 7 of CP
goes to calcination zone 4 through D5, the low-temperature
flow — to zone of drying 1 and preheating 3. The transfer of
the gas-air coolant from one low pressure zone to another one
by direct flow makes possible maximization of the amount of
fuel and electricity consumption. The implementation cor-
responds to the heat engineering scheme with a double-flow
intersection collector implemented on the smoke exhausters
marked as D6 and D4. The choice of dilution in D6 and D4
collectors occurs in such a way as to provide the minimum
required pressure difference from 50 daPa to 70 daPa. This
is necessary for organization of suction to D4 path. Also,
there are possibilities of operation of smoke exhausters at the
temperature of the coolant along D6 and D4 passes taken
into consideration in order to exclude division of the flow by
atmospheric air in order to reduce temperature.

ACS runs the following algorithm.

There are the required ranges of temperatures and pres-
sures of gas-air flows for the technological zones of CP set at
the inlet of the controller. The controller manages E4 and E6
smoke exhausters by CU2 and CU3 control units, providing
an optimal supply of gas-air flow to zones of drying 1, and
preheating 2, respectively. We can control average-volume
values of temperature of gas-air flows, which come from
zones of calcination 4 and recuperation 5 of CP, and regulate
the pressure supply of gas-air flows in drying zones 1, 2 and
preheating zone 3 by E4 and E6 smoke exhausters. The sys-
tem takes into consideration the height of a layer of pellets
on calcination carts. Sj, sensor determines the height. It
also takes into consideration the speed of movement of cal-
cination carts over CP zones. S, sensor controls the speed.
Thus, the regulation of the gas flow between zones of drying
1 and preheating 2 occurs. It provides a given temperature
mode in these zones.

TS1 and TS2 sensors determine temperature of gas-air
flows, which come from calcination zone 4 and recuperation
zone 5, control the supply of atmospheric air to calcination
zone 4 through cooling zone 7 and control the performance
of E5 smoke exhauster by CU1 control unit. This makes it
possible to achieve the uniformity of sintering of pellets in
calcination area 5 by the height of a layer of pellets.

We assume stabilization of temperature of gas-air flows
in each technological zone of CP with minimal deviations
from the given values as the technological objective of con-
trol of the temperature mode of thermal treatment of pellets.
Therefore, the operation algorithm ACS of smoke exhausters
takes into consideration non-stationarity of parameters of
the process of thermal treatment of pellets. Thermal treat-
ment implies fluctuations in physical and chemical composi-
tion and in porosity of a layer of pellets, as well as a change in
parameters of the technological equipment, etc. A specially
developed algorithm compensates the great inertia of ther-
mal processes during the control process. For implementa-
tion of compensation, the base of the algorithm of ACS of
smoke exhausters is application of operational evaluation of
parameters of the process and the use of adaptive predictive
control of the processes of thermal treatment of pellets. This
ensures improvement of the quality characteristics of pellets
and reduces the specific costs of energy carriers.

We propose to perform practical implementation of the
structural scheme of the automated control system of smoke

exhausters of CP on a modern element base. We can use Zelio
Logic20BX/B smart relay produced by Schneider Electric or
other type of relay as a controller. Control units CU1,..., CU3
require vector-type frequency converters, for example, convert-
ers of HYUNDAI N5000 type. Measurement of temperatures
of gas-air flows goes with the use of pyrometers or infrared
thermometers. We propose to determine the speed of move-
ment of calcination carts in the zones of CP using a contactless
speed sensor. It is necessary to use smart impulse radar laser
sensor to measure the height of a layer on calcination carts
along the technological zones of CP. The smart high-precision
excess/absolute pressure sensor measures gas-air flow pressure.

6. Distribution of temperature of gas-air flows over
the technological zones of CP at the control of smoke
exhausters in the function of temperature of gas-air flows

We must take into consideration the rate of filtration
through a layer of pellets V, m/s; density p, kg/m? and pres-
sure difference AP of a gas-air flow before entering a layer
of pellets and after it, Pa to determine the temperature of
the gas flow at the outlet of the calcination zone of CP. The
following coefficients affect this temperature: Kj, which ex-
presses an influence of a shape and size of pellets in a complex
manner, and B volume expansion of gas K-'. Taking these
parameters into consideration, the interpretation of the
Darcy-Weibah formula will determine the average mass tem-
perature of a pellets layer at the outlet from the zone (5),):

AP 1
0,,=| ———-1|- 1
spo (Kl‘/og) B ( )
2

We use formula (2) to find the coefficient K| in the for-
mula (1):

H
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where W, is the coefficient of gas-dynamic resistance,
(Pa-m-s?)/kg; H is the height of a pellets layer, m; d is the
equivalent diameter of a pellet, m. We define the diameter
as follows:

where &/ is the coefficient of a shape of charge particles (for
a ball k=2/3); d., is the average diameter of particles of fur-
nace, m; ¢ is the porosity of a layer of pellets, m3/m?.

The coefficient ¥y of gas-dynamic resistance for a layer of
iron ore pellets depends on the Reynolds number of pellets.
Therefore, we use the formula of the approximate value given
in [30], it is well consistent with the experimental data by
other authors:
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where R, is the Reynolds number, which varies from 170 to
2,000.



However, this dependence is suitable for layers with a
narrow porosity range £=0.45-0.50 m3/m?. A wide range of
fractions represents the granulometric composition of iron
ore pellets in real conditions; therefore, gas permeability of a
layer of pellets will be lower.

CP requires the continuous supply of a gas-air flow nec-
essary for combustion of fuel and removal of produced com-
bustion products for normal uninterrupted operation. Smoke
exhausters supply atmospheric air to CP zones and remove
combustion products from CP zones is carried out by smoke
exhausters. Mathematical expressions given in [2, 17, 24]
determine the main parameters, which determine the choice
of smoke generators are their required performance, costs,
pressure and pressure of a gas air flow, etc.

In the study of redistribution of temperature of gas-air
flows in the technological zones CP, we assume that the initial
characteristics for each subsequent zone are the outputs of the
previous CP zone. We also take into consideration that the
parameters of the technological zone change: a length of the
zone L, the area of the pellets S, through which a gas-air flow
is pumped. We also consider a change of the height of a pellets
layer from the zone to the zone. We take into consideration
heat of combustion of gas in the combustion zone additionally.

The inputs of the models for each technological zone of
CP are: average mass temperature of a layer of pellets at
the inlet to the zone (8y,;); average mass moisture of a layer
of pellets (Usy) (only for the drying zone and the preheat-
ing zone); speed of movement of calcination carts (V,.); an
equivalent diameter of pellets (d); a difference in pressure of
a gas-air flow when passing through a layer of pellets (Ap);
temperature of a gas-air flow, which comes to a layer (044;).

The outputs of the models for each zone of CP are: aver-
age mass temperature of a layer of pellets at the outlet of a
zone (0yp,); average mass moisture of a layer of pellets (Uy,,)
(only for the drying zone and the preheating zone).

We choose the basis for a general mathematical model
taking into consideration that inputs and outputs of tech-
nological zones of CP are connected by equations of gas
dynamics, heat exchange and mass transfer. We will use this
model further to control distribution of gas-air flow, which
comes from the calcination zone of CP into other zones. We
use the system of mathematical expressions given in [20] for
mathematical models of the calcination, recuperation and
cooling zones at control of gas-air flows at CP:

—150u~a+\/(150u-a)2+7p~bAp
V= 1,3H
0 3,5p-b ’
L 4
Q:Vo'S'E'v'CGAF(egai_egao)’ @
M
e o L .Gcr)ic() ’

where p is the dynamic viscosity of a gas-air flow; a and b
are the estimated coefficients depending on a size and shape
of pellets; Q is the supply of heat from gas-air flows of other
zones to pellets; ¢ is the porosity of a layer of pellets; % is the
coefficient of heat consumption spent on pellets heating;
Gcogx is the consumption of coolant for heating of pellets;
C, is the specific heat capacity of pellets; Cgar is the specific
heat capacity of gas-air flows.

The moisture of a layer is equal to zero for the techno-
logical zone of calcination and the subsequent zones. This

moisture was previously evaporated by a low-temperature
gas-air flow in the drying and preheating technological
zones. Therefore, we supplement the system of mathematical
expressions (4) of the mathematical models of drying and
preheating zones at control of gas-air flows over CP zones
with the equation (5):

1—k)-Q-V
USIJO :Uspi_( LG)QA,C(, (5)

where £ is the a coefficient of heat spent on heating of pellets;
A is the specific heat of evaporation of water.

We assumed that the output characteristics of the flows
for each subsequent zone are the outputs of the previous
technological zone in the study of redistribution of gas-air
flow parameters in the technological zones of CP.

5. Investigation of parameters of gas-air flows, which
go out from the technological zones of calcination and
recuperation of CP

We study parameters of gas-air flows at the outlets from
thezones of calcination and recuperation on the example of CP
of OK-306 type, using the mathematical expressions (1)—(3).
We calculate mathematically dependences of the average
volume temperatures of gas-air flows 04, of temperatures of
gas-air flows at the outlet from the zones of calcination and
recuperation of CP.

We take into consideration the following in calculation
of temperature of a gas flow 84, Which appears at the outlet
from a layer of pellets by formula (1): filtration of the gas-air
flow through a layer of pellets Vj, which is 0.9 m/s; density
p, which is 1.26 kg/m3, a pressure difference AP of a gas-air
flow at the inlet to a layer and after it, it is 3,040 Pa, and the
coefficient B of volume expansion of gas, it is 0.003661 K.
Since the coefficient K affects the temperature of a gas flow
B840, which enters a layer, we calculate it by formula (2).
It expresses the granulometric composition of a layer of
pellets complexly by influencing shapes of particles of the
furnace and sizes of pellets. We assume that the coefficient
of a shape of furnace particles &/ for a sphere is equal to 2/3,
and the average diameter of furnace particles d., is 4.6 mm.
In calculations, we take the porosity of a layer of pellets as
equal to 0.45 m3/m? at a height of 0.45 m. We calculate the
coefficient ¥y of gas-dynamic resistance for a layer of iron
ore pellets by formula (3), it is 11.76 if the Reynolds number
is equal to 272.

Fig. 2, a shows determination of the average volume
temperatures of gas-air flows 64, at the outlet from the
calcination zone in the function of a change in tempera-
tures of these flows, which exist above a layer of pellets in
the zone of CP calcination in charts. As we know, a change
in the speed of movement of CP calcination carts leads to
fluctuations in temperature of a gas-air flow at the outlets
of the investigated technological zones. Therefore, we per-
form calculations at the speeds of the movement of calci-
nation carts: 0.06 m/s; 0.049 m/s; 0.022 m/s and 0.011 m/s
at constant temperature of the gas-air flow supplied from
the cooling zone technological temperature of 450 °C.
We calculate similar characteristics for the recuperation
zone of CP with the same data used in calculations for the
calcination zone. Fig. 2, b shows characteristics for the re-
cuperation zone.
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Fig. 2. Changes in the average volume temperatures of gas-air flows 0440,
which come from a layer of pellets of technological zones: a — calcination;

b — recuperation

The analysis of the characteristics presented in charts in
Fig. 2 shows that the average volume of gas-air flows at the
outlet from the zones of calcination and recuperation of CP
depends significantly on the temperature of a gas air flow,
which exists over a layer of pellets in these zones. So, for the
calcination zone, this temperature changes almost linearly
to the temperature of gas-air flows over a layer of pellets to
1,100 °C, and for the recuperation zone — 500 °C.

We performed experimental studies to check reliability
of calculation characteristics of changes in temperatures
of gas-air flows 6g4,;, which enter a layer of pellets of the CP
zones of calcination and recuperation, and the output aver-
age volume temperatures 64, at the outlet from these zones
obtained mathematically. We used an infrared thermometer
of MS6550V model for temperature measurement of a gas-
air flow. The temperature range of the thermometer is be-
tween minus 32 °C and 1,650 °C with a measurement error of
+1.5 %. We measured the speed of movement of calcination
carts through CP zones using a contactless GEL 247 (Le-
nord Bauer) rotor speed sensor. The range of measurements
of the speed of movement of calcination carts by this sensor
is from 0 to 25 kHz.

Fig. 2, b presents the result of the experiment. We measured
changes in the average volume temperatures of gas-air flows at
the outlet from the technological zones of calcination and recu-
peration at the same values of the temperatures of gas-air flows,
which were set mathematically at the inlets to these zones. We

carried out the experiment at the speed of move-
ment of calcination cars through the zones of CP of
0.049 m/s. The results of the calculation and the ex-
periment presented in charts in Fig. 2, b show that
the temperatures of gas-air flows at the outlet from
the recuperation zone up to a value of 300 °C almost
coincide at the speed of movement of calcination
carts of 0.049 m/s. Further these characteristics
differ, but by no more than 35 °C. The relative error
of the channel of measurement of temperature of
gas-air flows is 7 %, and of the measurement of the
speed of calcination carts is 2.5 %.

The average volume temperatures of gas-air
flows at the outlet from the technological zones
of calcination and recuperation of CP depend also
functionally on the rate of filtration of these flows
through a layer of pellets on calcination carts. The
rate of filtration of a gas flow depends on the height
and porosity of a layer of pellets. It is necessary
to maintain the optimal height of a layer on cal-
cination carts in order to ensure the normalized
thermal process for production of pellets. However,
under production conditions, the height and poros-
ity of a layer of pellets on calcination carts change
from the zone to the zone due to drying of moisture,
calcination of calcium, fluctuations of the granulo-
metric composition, etc. Therefore, it is necessary
to detect an effect of the height of a layer of pellets
on the average volume temperature of a gas-air flow.

We took the following heights of a layer on
calcination carts when performing calculations
of the average volume temperature of gas-air
flows: 450 mm, 350 mm, and 250 mm. At the
same time, the porosity of a layer of pellets re-
mained equal to 0.45 m3/m?®. Fig. 3 presents the
obtained characteristics in charts. They have
the form of exponents with the same gas per-
meability of a layer. The higher is the height of a layer of
pellets, the lower is the average volume temperature of a
gas-air flow at the outlet from the technological zone of CP.

As presented in formula (1), the larger is the difference in
pressure AP of gas-air flows at the inlet to a layer and after
it, the higher is the average volume temperature of a gas-air
flow 0gq0, which comes from a layer of pellets. The average
volume temperature decreases at the outlet from the calcina-
tion zone with an increase in the speed of passage of a gas-air
flow through a layer of pellets. Charts in Fig. 3 confirm this.
The charts take into consideration the difference in the pres-
sure of the gas-air flow to before entrance to a layer of pellets
on calcination carts and after leaving it.

We took following values 70 Pa, 60 Pa and
50 Pa as the values of the difference in pressure of
gas-air flows for calculations of formulas (1)—(3).
The pressure in gas-air chambers of the drying technological
zone was 4,000 Pa. With an increase in the pressure differ-
ence of the gas-air flow speed, its temperature decreases at
the outlet from the calcination zone according to the expo-
nential law (Fig. 3).

Control of parameters of a gas-air flow by ACS system of
smoke exhausters provides normalized distribution of pres-
sure and temperature of gas-air flows over the technological
zones of CP. ACS of smoke exhausters operates in the function
of average volume temperatures of gas-air flows, which leave
the technological zones of calcination and recuperation.
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We used a general mathematical model to study redistri-
bution of gas-air flow temperatures between CP technolog-
ical zones. The basis of the model is separate mathematical
models for each CP technological zone. We assumed that
the output characteristics of the models for each subsequent
zone are the outputs of the previous model of the technolog-
ical zone. The equations (4) and (5) represent mathematical
models of technological zones.

We took into consideration the following for these
studies: the dynamic viscosity of a gas-air flow u, it was
53.6:10 76 Pa-s, the calculated coefficients a and b, which
depend on a size and shape of pellets, they were 0.07 and
0.59, respectively. At control of gas-air flows over the zones
of CP, the coefficients % of heat consumed by heating of
pellets were equal to 0.6 and 0.95, respectively, for zones
of drying and preheating. Losses of a coolant for treatment
of pellets in the calcination area G., was 4.42 m®/h. The
estimated specific heat of pellets C, and gas-air flows Cy,
were 1.24 and 1.34 kg-K, respectively. The length L of each
of the zones of calcination and recuperation was 16 m, and
of the cooling zone — 24 m by flows. The area S of the plate
of pellets, through which a gas-air flow was pumped out,
was 144 m? for each zone of calcination and recuperation.

Fig. 4 presents estimated changes in parameters of gas-
air flows (pressure and temperature) along the length of
a calcination plant of OK-306 type. There are charts con-
structed using mathematical models of technological zones
of calcination, recuperation and cooling at the control of gas-
air flows at CP using the system of mathematical expressions
given by the system of equations (4) and (5). Mathematical
models of drying and preheating zones at control of gas-air
flows over CP zones complement the system of mathematical
expressions (4) by equations (5).

In calculations, we assumed the values of the pressure of
the gas-air flow (Fig. 4, @) pumped by a smoke exhauster from
the calcination zone to the zones of drying and preheating
as equal to 500, 550 and 620 daPa. At the same time, the
atmospheric air was pumped by a smoke exhauster into the
technological cooling zone. The pressure of atmospheric air in
gas-air chambers of the cooling zone was 730 daPa. This pres-
sure varies from the cooling zone to the preheating zone of CP.

The values of the pressure of a gas-air flow are the highest
in the zones of drying and calcination of pellets with the max-
imum value of the pressure of the gas flow generated by smoke
exhausters (Fig. 4, a). Thus, we obtain the desired rate of filtra-
tion of a gas-air flow through a layer of pellets to ensure a level
of intensity of conduction of heat exchange processes. Fig. 4, b
shows charts 1-3, which reflect the functional dependences
of changes in the temperature of gas-air flows over a layer of
pellets along the length of CP. And charts 4-6 in this figure de-
termine changes in the average volume temperature of gas-air
flows at the outlet from a layer of pellets in the zones of calcina-
tion and recuperation. We obtained charts 1-3 and charts 4-6
by changing the pressure in the calcination zone to 5,000 Pa,
4,500 Pa and 4,000 Pa, respectively, at the constant speed of
calcination carts of 0.049 m/s, the height of a layer of pellets
of 450 mm and the porosity of a layer of pellets of 0.45 m3/m?.

The highest value of the temperature of flows was in the CP
zones of calcination and recuperation. The temperature of the
flows, which leave these technological zones, also depends on
the values of these temperatures. The higher is the temperature
of the gas-air flows in the zones of calcination and recuperation,
the higher is the temperature of these flows at the outlet from
these zones at the same height of a layer of pellets of 450 mm.

The obtained results indicate possibility of using the
temperature of a gas-air flow at the outlet of the calcination
and recuperation zones for control of the thermal process
in production of pellets. That is, the temperature of gas-air
flows at the outlets from the zones of calcination and recu-
peration is rationally used in the automated control system
of smoke exhausters of CP.
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We also determined a change in the temperature of a gas-
air flow at the boundary of “layer — bed” along the length of
CP to check the adequacy of correctness of the calculations
performed.

We carried out the experiment at a constant pressure
of a gas flow of 4,500 Pa in the calcination zone, the speed
of movement of calcination carts of 0.049 m/s, the height
of a layer of pellets of 450 mm and the porosity of a layer of
pellets of 0.45 m3/m?®. The rate of filtration of gases through
a layer was 1.2 nm®/s for the drying and cooling zones, and
0.6 nm?/s for the zones of preheating, calcination and recu-
peration. We used an infrared thermometer of MS6550B
model to obtain experimental data of temperatures on the
“layer-bed” boundary along the length of CP. To measure
the height of a layer on calcination cart, we used the smart
impulse radar laser sensor of DCRD1000A6 26 Ghz type,
which has an output signal of 4-20 mA OrRS485 and Mod-
bus/RTU protocol. We measured gas air flow pressure with
the smart high-precision sensor of excess/absolute pressure
of DMD 331-A-S-GX/AX.

Charts presented in Fig. 5 show the results of compari-
sons of correctness of the change in temperature at the “lay-
er-bed” boundary along the length of CP of the calculated
and experimental data. The relative error of measurement
of temperature of a gas-air flow does not exceed 12 %. The
accuracy of measurement of the height of a layer of pellets by
this sensor was =5 mm.

—o—Calculation

—#-Data of the study (Fig.1 [11])
Calculation [18]

= Experiment
1600

calcination carts above 0.06 m/s leads to a decrease in the
average volume temperature of a gas-air flow at the outlet
from the zone of calcination of pellets, it decreases almost to
200 °C. This indicates that a layer of pellets on calcination
carts does not have time to warm up and does not reach the
required value in lower layers of pellets.

A change in the average volume temperature of the gas-air
flow at the outlet from the recuperation zone of CP depends
on this flow above a layer of pellets along the length of CP
almost linearly. Charts presented in Fig. 2, b confirm this.

An increase in the speed of movement of calcination carts
from 0.011 m/s to 0.06 m/s leads to a decrease in the average
volume temperature of the heated gas-air flow in 1.7 times.
This flow comes from the recuperation zone of CP at the regu-
lated maximum temperature in the gas-air chamber of 550 °C.

Anincrease in the height of a layer of pellets on calcination
carts by 30 percent (Fig. 3) at the constant gas permeability
of this layer leads to a decrease in the average volume tem-
perature of the gas air flow at the outlet from the calcination
zone of CP by 2.5 times by the exponential law. The speed
of the gas-air flow through a layer of pellets was 0.049 m/s.
Therefore, it is necessary to maintain optimally the height
of a layer of 450 mm, which is regulated at CP of OK-306
type. The difference in pressure of a gas-air flow between the
inlet and outlet from a layer depends on the height of a layer
of pellets on calcination carts. As we can see in Fig. 3, the
dependence is exponential. The speed of movement of this
flow through a layer of pellets determines the
dependence. The lower is the speed of a gas-air
flow, the higher is the temperature of such a flow
at the outlet from the calcination zone of CP.

The performed study allows us to draw the
following conclusion. An increase in the height
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Fig. 5. Charts of comparisons of correctness of the calculations performed with
similar calculations given in the scientific articles [11, 18] and experimental data

The results of calculations of the change in temperature
of a gas-air flow at the “layer — bed” boundary along the
length of CP showed that the blue chart is very close to the
chart obtained by calculation given in [11] and does not dif-
fer significantly from the chart in [18]. Thus, we confirmed
the adequacy of calculations experimentally.

6. Discussion of results of studying the process of
redistribution of gas-air flows in the technological zones
of CP

An analysis of the charts shown in Fig.2,a and the
change in the average volume temperature of a gas-air flow,
which comes from a layer of pellets 04, at the outlet from
the calcination zone of CP, depends on the temperature of
1,100 °C of the gas stream over a layer of pellets in the calci-
nation zone almost linearly. However, the gas flow changes
rapidly to a temperature of 1,250 °C by exponential law
after the temperature of 1,100 °C. The speed of movement of
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of a layer of pellets at CP calcination carts leads
to a proportional decrease in the average vol-
ume temperature of a gas flow at the outlet from
the calcination zone. Moreover, the comparison
of the heights of a pellets layer indicates the
depth of the thermal processes. This means that
taking into consideration of this fact opens the
possibility for effective regulation of properties
of a gas-air flow directly by smoke exhausters
of CP under conditions of an enterprise. The
temperature at the outlet from the calcination
zone of pellets changes by up to 30 percent at a change in a
pressure difference of speeds of gas-air flows from 340 Pa to
250 Pa (Fig. 3). This means that taking into consideration
of this fact opens up the opportunity for efficient control of
the thermal process of pellets production at CP. We should
note that we performed comparative calculations at changes
of gas-air flows pressures from 500 daPa to 620 daPa with
smoke exhausters and at supply of this flow to the drying
and preheating zones. Here pressures of gas-air flows are
distributed over the technological zones of CP almost pro-
portionally. Calculations presented in charts in Fig. 4, a
confirm this. A change in the pressure of this flow, pumped
by a smoke exhauster, of 120 daPa changes the flow pressure
throughout the length of CP by 1.4 times.

In addition to studies on redistribution of pressures of
gas-air flows in the technological zones, we also studied redis-
tribution of the temperatures of these flows over these zones of
CP. In the course of the studies, we took into consideration that
ACS of smoke exhauster from the technological zones of calci-
nation and recuperation. Fig. 4, b shows calculation changes in
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the temperatures of gas-air flows along the length of a calcina-
tion plant of OK-306 type. We accepted the following values of
pressures of the gas-air flows generated the smoke exhausters
from the calcination zone in the gas-air drying chamber: 620,
550 and 500 daPa. And the dilution of previous heating in the
gas-air chamber was 4,000, 3,500 and 3,000 Pa.

It is evident from Fig. 4, b that the excess in the tem-
perature of the gas-air flow over a layer of pellets affects the
average volume temperature at the outlet of it significantly.
The average volume temperature of the gas-air flow at the
outlet from a layer of pellets in the zones of calcination and
recuperation can reach a reduction of up to three times of
the value at a change in pressure in the calcination zone from
5,000 Pato 4,000 Pa, the constant speed of calcination carts
of 0.049 m/s, the height of a layer of pellets of 450 mm and
the porosity of a layer of pellets of 0.45 m?/m?3,

The supply of a gas air flow intended for drying of pellets
on the calcination carts occurs by blowing from the zones
of calcination and recuperation of CP by smoke exhausters
through gas-air chambers. There is the temperature of a gas-
air flow from 50 °C to 180 °C (Fig. 4, b). Maintained in the
drying zone 1 (Fig. 1). At the same time, these temperatures
range from 210 °C to 400 °C for drying zone 2. There is a dis-
charge of 2,200 Pa generated in the drying zone (Fig. 4, a).

The study of the modeling results shows that the tem-
perature of gas-air flows, which come from the high-tem-
perature zones, can vary greatly. The ratio of the amount of
cold air and burned natural fuel maintains the given value
of temperatures. For this purpose, a smoke exhauster pumps
the atmospheric air, it is heated in cooling zones 6 and 7.
The heated air from cooling zone 6 goes into the calcination
and recuperation zone of CP. Therefore, the temperature of
gas-air flows in these zones, as we can see in Fig. 4, b, chang-
es substantially. The gas-air flow from the cooling zone 6
goes directly by the flow to drying zone 2. It is desirable to
maintain its temperature, which enters a layer of pellets, at
a temperature of 350 °C (Fig. 4, b). It is possible to achieve
due to atmospheric air supplied from the cooling zone 7,
where atmospheric air is pumped by a smoke exhauster of
650 daPa. If the temperatures of gas-air flows at the outlet
of the CP technological calcination zone are not sufficient,
then it is necessary to add heat from combustion of natural
fuel in burners installed in this zone. In this case, the atmo-
spheric air from cooling zone 6 in the ratio of “gas-air” is fed
to burners of calcination.

There is discharge maintained automatically at the level
of 50-90 Pa by the flow of air supplied by a smoke exhauster
to cooling zone 7 in the calcination zone. The processes,
which occur in the preheating zone, and especially in the
calcination zone, cause temperature stabilization in the fur-
nace. This ensures that we get strong pellets. Stabilization of
the heating process of a layer of pellets, when it accumulates
a constant specific heat, contributes to its more stable utili-
zation in other zones, which leads to a general increase in the
rate of efficiency of the thermal process.

The analysis of the obtained results indicates that we have
to know parameters of temperature of gas-air flows at the outlet
from the zones of calcination and recuperation and to control
pressure of these flows and to feed them into the technological
drying and preheating zones in order to control the thermal
process in production of pellets. It is necessary to control pres-
sure control of a gas flow by smoke exhausters using a special al-
gorithm, while controlling the supply of atmospheric air to the
technological zones of calcination and recuperation through

the cooling zones of CP. We should use operative evaluation
of parameters of a gas-air flow and adaptive predictive control
of the processes of thermal treatment of pellets. Therefore, it is
rational to use the average volume temperature of gas-air flows,
which come from the zones of calcination and recuperation, in
the automated control system of smoke exhausters of CP.

Computer modeling gave us a possibility to investigate
the influence of average volume temperatures of a gas-air
flow from the calcination and recuperation zones on the
thermal process of producing of iron ore pellets. The ob-
tained modeling results give possibility to predict tempera-
ture changes in different technological zones of CP. The
model makes possible studies on the process of distribution
of a gas-air flow between all technological zones.

The obtained study results (Fig.5) do not differ from
the practical data from well-known works [4, 6, 19], which
also associate a change in duration of the thermal process
in the production of pellets with an influence of gas-air flow
parameters in this process. But, unlike the results of studies
published in these works, we can confirm the data on the
influence of temperature, pressure and speed of a gas air
flow on the process of the thermal process in production of
pellets as follows:

— the main regulator of the thermal process in production
of pellets at CP is redistribution of high-temperature gas-air
flow from the technological zones of calcination and recuper-
ation between the zones of drying, preheating and cooling,
which makes possible to save energy;

—rational use of air in the cooling zone at the automatic
management of a smoke exhauster and redistribution of
flows heated in these zones to technological zones of calci-
nation and recuperation;

— correct choice of parameters of the height of a layer of
pellets on calcination carts, pressure difference at the inlet
and outlet of a layer of pellets, temperature, pressure and
speed of a gas-air flow at the outlet of the technological
zones of calcination and recuperation, and also air pressure
pumped by a smoke exhauster to the zones of calcination
and recuperation through the cooling zone has a significant
influence on the thermal process of pellets production at CP.

We can consider such conclusions as expedient from a
practical point of view, as they make it possible to approach
determination of the required thermal process of calcination
of pellets at CP reasonably. From a theoretical point of view,
the results of the performed studies give us possibility to as-
sert the definition of the mechanism of control of the thermal
process of pellets production. A certain advantage of this
study is that the automated system uses parameters of a gas-
air flow that goes from the technological zones of calcination
and recuperation of CP.

The study has made it possible to develop and introduce
an automated control system for management of smoke
exhausters at average volume temperatures of gas-air flows
at the outlet from technological zones of calcination and
recuperation. We can use it under industrial conditions.
Operation of such a system improves the thermal process and
gas-dynamic operation of the CP technological zones.

However, it is impossible not to notice that the results of
the study indicate an ambiguous effect of parameters of an
output gas-air flow on a change in the mechanical strength of
pellets. Such uncertainty imposes certain limitations on the
use of the results that can be interpreted as disadvantages
of this study. Failure to remove these limitations within the
framework of this study generates a potentially interesting



direction for further research. In particular, we can aim
them at detection of the influence of physical and chemical
properties in real time on parameters of a gas-air flow and
the course of the thermal process in production of pellets.
The disadvantage of the study is that we used technical pa-
rameters of only one CP type - OK-306, which is insufficient
and incomplete.

The obtained results are useful for changes of the un-
evenness of conditions of the heat treatment of pellets by
improvement of the uniformity of redistribution of gas-air
flows over the technological zones of CP due to optimization
of the supply of gas-air blow.

There were no studies on determination of parameters of
a gas-air flow at the outlet of technological zones of calcina-
tion and recuperation and the influence of this flow on other
zones of CP before.

Further improvement of this study is possible in the
direction of control of the thermal process of pellets pro-
duction at CP, taking into consideration the influence of the
physical-and-chemical composition of pellets on parameters
of a gas-air flow.

7. Conclusions

1. The conducted studies revealed peculiarities of the
technological process of calcination of pellets. They consist
in necessity for control of smoke exhausters by parameters
of average volume temperatures of gas-air flows, which are
output flows from the zones of calcination and recupera-
tion of pellets. Therefore, we can state that the analytical
dependencies used and the developed structural scheme
of automated control of smoke exhausters of CP take into
consideration temperatures of gas-air flows. For operational
control, it is better to evaluate parameters of temperature of
gas-air flows, which go out from the zones of calcination and
recuperation of CP. This makes possible to control gas-air
flows in the zones of CP, providing a normalized thermal
process for production of pellets.

We established that temperatures of gas-air flows depend
on the height of a layer of pellets on calcination carts, the dif-
ference in pressure at the inlet and outlet from a layer of pellets
and the speed of passing of this flow through a layer of pellets.

We can maintain the given value of their temperatures by
the change of atmospheric air under the control of a smoke
exhauster, which pumps it into the cooling zone of CP. As a
result, we improve the thermal and gas dynamic operation of
the technological zones of calcination and recuperation of CP.

2. We determined redistribution of temperature of gas-
air flows in the technological zones of CP at the control
of smoke exhausters in the functions of average volume
temperatures of gas-air flows, which go out from the tech-
nological zones of calcination and recuperation. We used the
mathematical model for the study. The model included an
equation for determination of the temperature, pressure and
speed of gas-air flows in the technological zones of CP. The
basis of the mathematical model took into consideration that
the inputs and outputs of the technological zones of CP are
connected by equations of gas dynamics, heat transfer and
mass transfer. We assumed that the output characteristics of
pellets for each subsequent zone are the outputs of the previ-
ous zone of CP in the study of distribution of temperatures of
gas-air flows in the technological zones of the CP.

Using the results of computer modeling for determina-
tion of the influence of parameters of gas-air flows from the
technological zones of calcination and recuperation on the
thermal process of production of iron ore pellets, it is possible
to predict changes in parameters of the thermal process in
other zones of CP. The model gives possibility to investigate
the process of distribution of gas-air flows between zones of
drying, preheating, burning and cooling. We found actions
for control of smoke exhausters based on the mathematical
model. This, in theory, will lead to a decrease in the amount
of required energy resources. The results of the study will
make it possible the implementation of a mathematical mod-
el in the automated control system of smoke exhausters. It
is possible to apply the developed system under industrial
conditions.
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