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METO/ NOBBIINEHUSA SOPPEKTUBHOCTHU OIIEPATUBHOI'O YIIPABJIEHUA
MPOU3BOJICTBOM KEJE30PYJIHBIX OKATBIIIENA

Summary. The article describes the method of deepening the monitoring of the firing process of iron
ore pellets, in particular, reducing the error of firing temperature measurement inside the rotary Kiln. A
mathematical model has been developed that describes the composition of the atmosphere inside the Kiln
and the significant factors that influence the temperature measurement error of a radiation pyrometer. The
proposed model was checked for adequacy and the results obtained in the form of calculated values of
temperature, standard error for each model value, 95% confidence interval of model values, and 95%
confidence interval for average response. The proposed method will increase the efficiency of process
control of the iron ore pellets production.

AHHOTal[l/lﬂ. B cratne paccMaTpuBacTCA METOA NMOBBIMICHUA MOHUTOPHHIa TEXHOJOTHUYCCKOTO Mporecca
OTXKHUT'A KEJIC30PYAHBIX OKaTLIHleﬁ, B YaCTHOCTH YMCHBIICHUC NOTPEHIHOCTH U3MEPECHUA TEMIICPATYPhI OTKUT'a B
HCHTpC Bpama}ou_{eﬁca IICYH. Pa3pa60TaHa MaTeMaTH4ieCKasl MOACJIb KOTOpass ONMCBIBACT COCTaB aTMOC(l)epLI
BHYTPU II€YU W OIPCACIICHBI q)aKTopBI, KOTOPBIC BJIHUAIOT HaA IMMOTPCIIHOCTb HU3MCEPCHUA TEMIICPATYPhI
paarnalilMOHHBIM IMUPOMETPOM. BrimoiHena IIpOBEpPKa Hpe,I[HO)I(eHHOﬁ MOACIN Ha aACKBATHOCTb, U IOJTYUCHHBI
pe3ysibTaTtbl B BUAC PACHCTHBIX 3HAYEHUH TEMIICPAaTyphl, CTaH,Z[apTHOﬁ OIINOKHU JJI1 KaXXI0I'0 MOJACJIIBHOI'O
3HaueHus1, 95% -l JOBEpUTENbHBIA MHTEPBAJ MOAEIBHBIX 3HaUeHUN U 95% -U HOBEPUTENbHBIN UHTEpBAN IS
CpelHero OTKJIMKA. [IpelyiosKeHHBI METOJ| MO3BOJUT MOBBICHTh 3()(EKTHUBHOCTh OINEPATHBHOTO YIPABICHHS
MIPOLIECCOM MPOU3BOJICTBA JKEJIE30PYAHBIX OKATHIIICH.
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Introduction.

In terms of information and material flows, the
production process of iron ore pellets is characterized
by a sufficiently large number of technological
operations [1]. Most of these operations are sufficiently
probabilistic because of the influence of uncontrollable
factors on the production process. As a result, the pellet
production process requires constant adjustment of
process plans and process decisions [2].

Monitoring is an important part of the iron ore
pellets production process control. It allows to detect in

advance possible disturbances in the pellets production
process to identify emergencies and, thereby, gives the
opportunity to reduce the average production time of a
batch of pellets.

Data obtained during the monitoring process can
then be converted into diagnostic parameters. Based on
these data takes place the identification of emergency
situations. Monitoring allows to reduce the influence of
operators’ and technologists’ errors on the control of
technological process, which is especially important
task in the production of iron ore pellets due to the
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complexity of the processes of preparation of the
charge mixture (kiln feed) and firing of the pellets.

One of the important elements of the iron ore
pellets production process is firing process. Increasing
the depth of monitoring of this process will reduce or
prevent the occurrence of abnormal situations, and thus
increase the efficiency of the production process.

Analysis of recent research and publications.

For a long time, the issue of improving the quality
of iron ore pellets has been addressed both, at domestic
and foreign enterprises, but at present the methods used
at enterprises do not fully solve the tasks of process
control.

Modern literature presents systems for controlling
the production of pellets, which include subsystems for
monitoring process disturbances [3]. Work [4]
describes an intelligent decision support system, which
enables to collect and analyse the data in real time. A
system for optimization of the sintering process based
on neural networks was also developed, which
prognoses the main indicators of process efficiency for
its further optimization [5].

In the field of mathematical modeling of the
production process of iron ore pellets are widely used
works by Kitaev B.I. and his followers [6 — 8].

Many attempts have been made to create systems
based, for example, on accumulated statistics (advisory
systems, fuzzy logic, empirical models) or on
theoretical fundamentals (eg, I1saev EA model theory)
[9]. The complexity of creating such systems is
explained by the insufficient amount of information
and insufficient depth of monitoring of the elements of
the technological process.

Highlighting previously unresolved parts of a
common problem. Analysis of the literature has shown
that the amount of information that enters the system of
process control of the production of iron ore pellets
plays a critical role in decision making. Of great
importance is the information from the monitoring

ﬂ/lKel + Uo/Ui.s. + Ubg/Uts.\/ abAf

system for process parameters at all stages of
production. At the same time, the depth of monitoring
does not always let to make the right and timely
decisions.

This problem can be caused by various reasons,
such as the difficulty in controlling by sensors of some
process parameters, the lack of accuracy of the sensors
controlling some of the processes, etc. Such example is
the temperature inside a rotary kiln, the measurement
of which is the complicated element of the annealing
process. Usually temperature monitoring is performed
by the method of light spectroscopy based on partial
radiation frequency pyrometer. At the same time, the
transparency and contamination of the optical medium
between the measuring object, in our case the burner
firing zone, and the inspection window, through which
the pyrometer optics focuses, significantly influences
the accuracy of the pyrometer temperature
measurement.

Therefore, the purpose of our study is to develop a
method of in-depth monitoring of the temperature of
the rotary kiln to improve the efficiency of

process control of iron ore pellets production.

Presenting main study material.

A rotary kiln firing pellets is a complex element of
the annealing (firing) process. The firing of the pellets
happens due to the radiation of the burner’s flame and
the hot refractory lining of the furnace, as well as the
convection heat exchange between the gas flow
circulating through the furnace, the refractory lining
and the surface of the pellets’ layer.

In works [10], authors developed a mathematical
model and a method for calculating the temperature
sensitivity of a pyrometer, which works on its own
radiation of objects taking into account the reflected
radiation of the surrounding background and the
radiation of the optical elements of the scheme, which
is described by the following formula:

ATsen =

+

AwD * ¢, [(% f;f ST (DT, (D)7, Ae(DA M A, Td(R))]

+

Where p — ratio «signal / noise»; Ke — the usage
index of the radiation source of the reference source; U
i.s. — interference signal equivalent to electrical noise;
Uo and U bg — integral signals of internal optical and
external background interference; a, b— linear
dimensions of the sensitive area of the radiation
receiver; Af — the frequency band of the radiation
receiver; A — the area of the incoming pupil of the
pyrometer lens; @ — body angle of view of the lens; D*—
the specific ability of the radiation receiver; co—
Planck's second constant formula; T — thermodynamic
(absolute) surface temperature of the object; S(A) -
relative spectral sensitivity of the radiation receiver;
Tu(}), ta(A), (L) — spectral transmittance coefficients
towards the lens, atmosphere layer and spectral filter,

+<F12 2 ST (DT AT (AP (DA M) Toga?
g

@

respectively; e()) — spectral coefficient of thermal
radiation of the object surface; A — length of the wave;
Me (A, T) — the spectral density of the energy brightness
of a completely black body (CBB); T,y — absolute
background temperature (environment); p(A) — spectral
reflectance of the surface of the object under study; €,
(1) — spectral coefficient of thermal radiation of the
surface of optical elements; Me(A, Tng ) — Spectral
density of background’s energy brightness.

In our case, considering that the temperature field
on the surface of the background is heterogeneous, in
formula (1) under the value Ubg we take the rms (room-
mean-square) value of the interference signal (2):
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and the values Tyg and Me(A, Thng) Will make sense Let’s suppose that the function of distributing the

of the mathematical expectation against the background  temperature field over the surface of the atmosphere of
temperature field and the Planck function for the  arotary kiln is some function P (Tyg), then we can write:
brightness of the CBB with the temperature Thg.

F T

Tog = fob‘;g TogPTogd Tog ®)
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In turn, the rms of the interference signal fAUlfg we can get as follows:
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Considering (1), the expression for pyrometer’s rotary kiln having the inhomogeneity of the
temperature sensitivity of the true-temperature for a  background radiation temperature field, we can write:

Uk, <1 + U, /Uiy + [AU, /Ui's') Jabhf
AT = +
bg 1 A, 1
AwD * ¢, X (ﬁ [ St DT, We@A M,(2),Td2)
1

N _ (6)
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The atmosphere of a rotary kiln can be considered  the absolute temperature of the atmosphere of the rotary
as an inhomogeneous background that creates an  Kkiln, the spectral density of the atmosphere energy
obstacle and depends on the spectral coefficients of  density. Respectively, we can assume that it obeys the
transmittance of the atmosphere layer, the spectral  law of expectation.
coefficient of thermal radiation of the combustion zone, Let’s rewrite expression (5) as:

AUpg = Upy(Tyg) + 6Upg )

where Ubg(ﬁg) and 6 Uy, are constant and variable components of interfering signl, that are equal to:

n.e. * A -
Uy (Tog) = 72 [} ST (DT (DT (DA™ M4, Ty )dA. (®)
n.e AWD* AT A - ™
S = 242 (20 L1250y, (s (DI WA T ©)

Considering that, let’s rewrite formula (1) as following:

TUKe(1+Uo/Un s, +Upg/Uis )\ abAf
AwD=B

AT, = (10)

where
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Thus, it is possible to propose a method of taking
into account the change in the sensitivity of the
pyrometer under the influence of the atmosphere of the
rotary kiln:

Set the temperature change range AT,y = Tyg —
Tbgl

and distribution function P (T).

Mo(2,Tyg) = Epg(D)cs 278

5. By formulas (8) and (9) we can calculate values:

Ubg(Tbg) and 5Ubg'

6. By formula (7) we can calc the rms value of the
interference signal AUy,

7. By formula (10) we can calculate the change in
the sensitivity of the pyrometer under the influence of

the atmosphere of the rotary kiln AT29¢ .

1+Uo /Ui +AUpg /Ui,

1 (%
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2. By formula (3), the mathematical expectation of
the temperature field Tyy is calculated taking into
account the distribution function.

3. By formula (4), the dispersion o2 for the
temperature Ty is calculated.

4. The obtained value Ty is substituted into the
formula for the brightness of the atmosphere with the
spectral coefficient of thermal radiation € (A):

eCZ/ATbg -1

To evaluate the influence of the kiln’s atmosphere
inhomogeneity at the value of temperature sensitivity
of the true-temperature pyrometer [3], let’s consider the
following formula:

ATEot = AT,

Considering formula (7) we can express formula
(11) as following:

SN 14Uy /Ui +Upg [Uis.

1+U0/Ui.s.+(Ubg(Tbg)/Ui.s.+5Ubg/Ui,sA)

(1)

(12)

ATy = AT

Let’s assume the following ratios:

14+Uo/Uis. +Ubg/Ui,s,

Ubg(Tbg) ~ Ubg; AUbg/Ui.s. >> (1 + UO/Ui.s.)' Ubg/Ui.s. >> (1 + UO/Ui.s.):

then (12) we can rewrite as:

ATEO! = AT, [1 +

Let’s introduce value:

F(ATbg: Tbg) =

then (13) will look like:

&] (13)

Ubg (Tbg)

8Upg

1+ —>2—
Ubg (Tbg)

ATy = ATyoF (ATyg, Trg)

Function F (AT, Ty,g) physically characterizes the
influence of the background radiation temperature field

parameters at the value of the pyrometer’s temperature
sensitivity.
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Fig. 1 — influence of the kiln’s atmosphere radiation temperature field on the pyrometer’s temperature
sensitivity: 1 — temperature of the atmosphere 1470 °K; 2 — temperature of the atmosphere 1480 °K;
3 — temperature of the atmosphere 1490 °K.

Calculated in MathCad values of the pyrometer’s
sensitivity decrease coefficient are shown on fig. 1. The
obtained dependence of the temperature sensitivity of
the pyrometer on the temperature of the burner of the
rotary Kiln is shown on fig.2.

1. The burner temperature was measured without
pellets in the Kiln, i.e., there was no influence of kiln’s
atmosphere and dust;

2. The temperature of the burner was measured
without rotation of the kiln, i.e. there was no influence
of dust;
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3. The temperature of the burner was measured
during the rotation of the kiln, i.e. the effects of dust
and atmosphere existed,;

4. The temperature of the burner during the
rotation of the furnace was measured, so there were
effects of dusting and the atmosphere using the
proposed method of taking into account the change in
the sensitivity of the pyrometer under the influence of
the kiln’s atmosphere;

1350

14040

Burner temperature, K

Fig. 2 — dependence of the temperature sensitivity of the pyrometer on the temperature of the burner: 1 —
temperature of the atmosphere 1470 °K; 2 — temperature of the atmosphere 1480 °K;3 — temperature of the
atmosphere 1490 °K.

The following scheme was used to evaluate
model’s adequacy:

Burner temperature values measured with a
pyrometer without atmospheric influence and dusting
were taken as an etalon.
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Fig. 3 — Deviations of the burner temperature etalon values from test values, °C: I — temperature deviation with
the obstruction of the atmosphere of the furnace; 2 - deviation of temperature under influence of restriction of
the kiln’s atmosphere using the proposed method of correction of temperature measurement.

The analysis of the obtained results shows that
the discrepancy between the calculated and
experimental data does not exceed £ 10 ° C, which is
quite sufficient for the temperature of the
combustion zone and for solving the problem of
increasing the accuracy of measuring the combustion
zone temperature of the rotary kiln firing pellets.

Deviations chart of the etalon values from
experimental with the influence of the combustion zone
atmosphere is shown on fig. 3.

Conclusions and suggestions.

The article proposes a method of deepening the
monitoring of pellets firing process by reducing the
error of measuring the firing temperature by taking into
account the influence of the atmosphere of the rotary
kiln, in order to increase the efficiency of operational
control of the production of iron ore pellets. It is shown
by simulation that, when exposed to the
inhomogeneous field of thermal radiation of the
background, as an obstacle to the operation of the
pyrometer, its temperature sensitivity worsens. It is
shown that physically the nature of the decrease in the
sensitivity of the pyrometer is explained by two factors:
the first factor is the “illumination” of the radiation
receiver of the pyrometer constant component of the
background radiation, the second factor is associated
with the increase of the signal because of the
interference due to the variable radiation component of
the kiln’s atmosphere.
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