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The paper is devoted to chemical and metallurgical processes of pelletizing of iron ore raw material.
Thermally activated chemical and energotechnological processes of raw material sintering in iron and
steel industry are considered, as well as mathematical models for their description, taking into account
the following physical and chemical transformations: moisture evaporation, firing of coke fines, disso-
ciation of carbonates, burning of coke fines, melting of charge particles, appearance of sintering cake,
condensation of moisture vapours in the lower levels of the agglomerated layer of sinter charge. The
features of conducting of these processes in different levels of agglomerated layer are researched. The
results of analysis of the effect of fuel firing procedure in the hearth of a sintering machine on sintering
process and the results of forming of the burning area and period of stable burning (i.e. finishing time of
firing process) are examined. The effect of the following parameters: initial stage of the reaction front
dissemination during dissociation of carbonates, burning-out of coke fines, oxygen consumption for
the sintering process are investigated. The relationship between firing time of agglomerated layer (from
one side) and heat-carrying gas consumption and temperature of burning products (from other side) is

temperature, kinetics. presented.

Introduction

Sintering of iron ore materials in belt-type conveyors
(sintering machines) is the main method of pelletizing of
these materials before blast furnace practice in metallur-
gical industry [1, 2]. Processing of complicated and het-
erogeneous raw materials in iron and steel industry needs
their preliminary thermal processing in order to provide
meeting by raw materials all required technological prop-
erties as well as homogeneity in granulometric composi-
tion, absence of hygroscopic and chemically bound water,
containing of minimal amount of carbonates, gaseous and
harmful impurities [3, 4]. Different physical and chemi-
cal endothermic transformations conduct simultaneously
at different layer heights during charge sintering in the
layer [5]: moisture evaporation, firing of coke particles,
dissociation of carbonates and other chemical reactions,
coke burning and melting of charge particles, appearance
of sintering cake, condensation of moisture vapours in the
lower layers. All these processes depend on heat exchange
conditions in the layer [6—8]. Sintering in the layer is con-
sidered as one of the most perfect chemical and techno-
logical processes in the heat and power meaning [9—12].
Charge material is processed to its softening and partial
melting at fuel consumption from 3—7%, with achieve-
ment of temperature about 1500 °C in the area of sinter
forming [13—16]. The sintering process is characterized
by air sucking through agglomerated layer of charge, what
provides fuel burning and heat transfer from heated upper
layers of charge to the lower layers [17, 18].
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The aim of the research

The presented paper is aimed on completion of the
data required for mathematical description of heat and
mass transfer chemical and energotechnological process-
esin metallurgical sintering machines based on determin-
istic multi-scale mathematical models. The considered
models of heat and gas dynamic processes can be used for
optimization of operating procedures in the existing sin-
tering machines, as well as for calculation of parameters
during their designing.

Methods and materials

Let’sanalyze the main relationships for description of
agglomerated layer drying at cross feed of heat-carrying
gas with temperature Iy, Let’s consider surfacial moisture
evaporation. We shall accept that gas and particles near
the surface are characterized by equilibrium state at the
temperature 7, of wet thermometer.

The heat balance for a flow of heat-carrying gas is pre-
sented by the equation:

reWodt,/dy) = a1, — 1,,). (D)

The boundary conditions make y =0, , los where
¢, — gas heat capacity; o, — volumetric heat exchange
ratio; 7, — gas temperature in the layer; y — coordinate of
the layer height; W, — gas rate in the layer.

The equation (1) with mentioned boundary condi-
tions can be solved in the following way:
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t,= (1, — 1,)exp(=by), (@)

where b= o,,/(c,W,).

Varying of material moisture content in the layer is
also connected by the heat balance and is described by
the next equation:

me,(dLl/dT) = _OLV(tg - tm) (3)

The initial conditions: t = 0, ¥ = u,, where ¥ — mois-
ture content in charge; u, — initial moisture content in
charge; L, — heat of moisture evaporation; Tt — time.

Integration of (3) equation with corresponding initial
conditions and using (2) equation finalizes in the follow-
ing relationship:

U=, — (oy/p, L)), — 1,)exp(—by)t. )

The balance based on evaporated moisture makes it
possible to evaluate moisture content in gases x,, for initial
moisture content in gases x,, :
where p,, — material density; p, — gas density.

Thereby we integrate with initial conditions y = 0,
x,, = x,, , and taking into account (2—4) we get the equa-
tion: x, =, — (0,6)/(p, W L)) (1, — 1,)[1 — exp(—by).

When the upper layer of charge reaches equilibrial
(with gases) moisture content u,, after t,time the drying
area starts its motion down, i.e. evaporation front begins
to move. The time interval 7, is calculated from the equa-
tion (4) for the following conditions: y=0,t=1,, u = u,
(6)

1= ((un - ur)(tgo - tm))/((xV/(met))
Analyzing the motion of evaporation front, we shall
consider that at present time the charge on evaporation
front heats immediately from ¢, to ¢ o while gases are
cooled to the temperature 7, . Based on the heat balance
on evaporation front, we shall get the expression for the
rate of a.m. flow:
ds/dv=(0/(p, L))t — 1,)/(du/ay), _.. )
Thereby, we need to know the gas temperature 7, on
evaporation front and (du/dy), - . value for evaluatlon of
drying rate.
Gas temperature in the area of phase transition t is
determined from the heat balance equation for dried area
taking into account a.m. allowances:

pgcgu/g(tgo _l‘gé)dﬂE = (l - E)pm(cm + cqu_,)(th - tm)dé

Therefore

tg = tgo _aw(tgo - tm)(dé/dT)a (8)

2
<

where a,, = [(1 —¢&)p,,(c,, T ¢,u)1/[p e, Wl

After integration of the heat balance equation within
the limits of the wet area from , to y we shall get the rela-
tionship: 2, = 1,, + (¢, —1,)exp(—=b(y — £)), and replacing
’g;’ by the expression (8), we shall have

ty=t,+ (tgo - tm)(l -a,,(d&/dr))exp(-b(y-E)). (9)
Distribution of moisture content in material is got via

integration of evaporation kinetics within the limits from
1, to T with conditions t1=1,, u = u,:

u=u, +(0LV/(me[))JT.(tg —l‘m)dT :

T

(10)

Using the equation (4) at t = t,, we shall get: u, =

= u, — (0/(p,, L)) (;— 1,)exp (—by)r,.
Let’s rewrite the equation (10) taking into account the
equation (9) as follows:

u=u,— (oa,,/(me[))(th —tm)exp(—by) X
xlrr + j(l—aw (d&/dt))exp(b&)dt] : (11)

From the equation (11) we shall conclude the expres-
sion (du/dy),:

(dufdy), = (ot /(pnL))(tg,

><|:rr + j.(l -a, (d&,/d’t))exp(b&_,)dr:|

- tm)exp(—bE_,) X
(12)

Placing 7, from the equation (8) and expression
(du/dy), ¢ from the equation (12) in the equation (7),
we shall have:

1-a,(d&/dr)

lr exp(-bg)+ | (l—aw(di/dr))a’r].

Tr

dt/dt =

For the case of permanent drying rate and taking into
account that & = 0 if T = 0, we shall get:

d./dv=1/(a,+ bt)). (13)

Integrating of the equation (13) within the limits from
1, to T finalizes in:

E=(t—r1,)/(a,+ bt,). (14)

Substituting the equations (13) and (14) in the equa-
tion (11) and integrating then the obtained expression, we
can write down the expression for distribution of moisture
content in the wet area:

u=u, — (0y/(p, L)1, — 1,)exp (=b(y — )1,
Otherwise, after replacement of t, from the equation
(6), we have:

u=u,— (u, — u)exp (=b(y —)). (15)
The balance equation for evaporated moisture (5)

allows to obtain distribution of moisture content in the
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gaseous phase after substitution the equation (15) and in-
tegration within the limits from  to y, taking into account
the condition

(u, —u,)p,,(1-exp(=b(y - £)))
W,(a, +br,) ’

y= a»xw=xwr: xW = 'xWr +

Description of heat exchange in the agglomerated
layer is based on the energy equations for solid and gase-
ous phases. Sintering charge is characterized by the size of
particles as large as 5—6 mm, while coke fines are added
asfuel. These coke fines meet the following requirements:
size of particles 0—3 mm, doses from 3 to 7%, ash content
within 12%, sulfur less than 0.5%, moisture up to 12%,
volatile compounds less than 1.5%. Bio criterion is not
very nigh for sintering process [19].

Heat exchange between the particles of sintering
charge is conducted using heat-carrying gas, i.e. via con-
vection [20]. The heat balance of the elementary layer
with dy thickness can be expressed as the equation for
charge:

(1-¢)p,c,(dt,, /dr)=
=0y (tg _tm)_wkpmqk +Op,4 _iji — 0,2, (16)

where o, o,, j,, ®, — rates of decarbonization, coke
burning-out, moisture evaporation and sintering; g, ¢,
L,, Q,/— corresponding heating effects of these processes.
To evaluate fuel burning-out, we shall write down the
material balance of consumption of oxygen and coke fines
in the agglomerated layer during burning process [21]:

de.p,dyS =B SW, dipg,dco, , 17)
where dyS — volume of the elementary layer with height
dy and square S; SWdt — volume of gases, entering in
this volume of the elementary layer during time period
dr; Co,» €. — OXygen and coke concentration respectively;
B,— stoichiometric coefficient.

Oxygen decrease occurs during burning, i.e. on the
surface of particles of coke from the elementary layer.
Oxygen material balance can be written as follows:

SngOZdCO2 = 92 pOchQ dSch ) (18)

where dS,, = (65c,p,,dy)/(dp,) — surface of coke particles
in the elementary layer; K, — constant of specific surfa-
cial burning rate; p, — density of coke particles; d, — di-
ameter of coke particles; Po,— OXygen density.

Then we can conclude from the equation (17):

dc, /ot = Bng(p()z/p,,,)(aco2 /ay) :

Based on the balance of oxygen consumption during
burning we have from the equation (18):

dco, [0y = I(fq'q’zc(_,((6pmc02 )/(pstWg)) : (19)

Based on this balance, we shall write down the con-
nection between content of coke fines and diameter of

burning-out coke particle ¢, /c (d,/d, )3 Expressing
d,and substituting it in the equatlon (19) we shall have:

dco, [y = I(fg)2cc((6pmco2 )/(Psdng))3/Cc0 Je. - (20)

Therefore, burning of coke fines in the agglomerated
layer is described by the two mutually connected differen-
tial equations for varying of concentration of oxygen and
coke fines. It can be concluded from these equations that
the following parameters have the effect on coke burning
rate: diameter of coke particles, coke content in charge,
density of coke and charge, concentration of oxidant in
heat-carrying gas.

Oxygen concentration, in its turn, is determined by
the external conditions, thermal procedure in the burning
area and pressure of gases in the layer.

Pressure of gases varies along depth of the layer and
cam be described by the equation with the remark for

non-isothermality:
a2\ P )"
Re, )\ d, || Pr, ’

aP/ay=1. 5(1 WEJ(H

Processes of moisture transfer, presented for the pro-
cedure with permanent drying rate, are described by the
following relationships:

pu(du/dr)=(B,.f, (P~ B)) /(R T) (22)
P (du/dr)=p W, (3x,/3y), 23)
Py =617,7exp(17,251,/(t, +238)) , (24)
By =P(x,/(0,622+x,)), (25)

where P, P,,— pressure of moisture vapours on the sur-
face of particles and in gases; R, — gaseous constant of
water vapours; ,, — mass transfer ratio.

Mass transfer ratio is determined from the criterial
equation of mass exchange in the layer:

Nu,, =2+0,83Re"” Pr" Gu™”, (26)
where Nu,, _ B,d,, /D, Pr, _v,/D, Gu = ({, — 1,)/1,;
D=0.216(T/273)? — diffusion ratio of moisture vapours.

The process of moisture condensation on the surface
of cold particles is calculated after x,, reaches x,,, value, i.e.
moisture content is in the state of saturation.

The sintering process is accompanied by material
compaction, what is connected porosity variation and,
respectively, with increase of hydraulic resistance in the
sintering area. The above-considered relationships are
used for description of these processes. Solution of the
system of equations (15—26) with the next initial con-
ditions:

1=0:1,=1,,c=¢

60,8280, u=uy,
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1=0:¢

= Ie» Co, = b, P= Py, X, =X,

makes it possible to analyze the effect of procedure meas-
urements on sintering power engineering.

Firing is identified as the process of charge heating up
to temperatures when heat extraction caused by chemical
reactions will be sufficient for stable burning holding. Te
sintering process can be conditionally divided into two
stages: firing in the hearth of the sintering machine and
charge sintering during air sucking through the agglomer-
ated layer as a result of burning of coke particles.

High-quality realization of the first stage mainly
defines consequent conduction of sintering process.
Excessive high temperature in the firing hearth leads to
melting of the upper layer of sinter and, respectively, to
deterioration of gaseous penetration and lowering of sin-
tering rate. Temperature heterogeneity along the hearth
volume is a cause of insufficient firing quality.

The process in the hearth of a sintering machine is
conducting with oxidant feed, its amount depends on air
excess ratio (meaning air feeding to burners) and suctions.
Oxygen concentration at the entrance to the agglomer-
ated layer is evaluated via the relationship:

Co

2

=0,21((a=1)V)+V, ) (V,+V,) -

where Vv0 — air volume that is theoretically required for
burning; V,,, V, — air volume in the hearth of a sintering
machine owing to suctions and burning products.
Oxygen concentration varies after processing in the
hearth, because air is fed in the layer. The temperature of
gases that are fed in the agglomerated layer in the hearth,
can be determined from the hearth heat balance (not tak-

ing into account losses in the environment):

Ty = (Q': +0y +fo)/(ch£)’

where O, — calorific value of gaseous fuel; Q,, O, —
physical heat of air and fuel respectively.

Analysis and discussion of the results

The firing processes are analyzed at permanent tem-
perature of gases at the entrance in the agglomerated layer.
Based on firing calculations, forming of the burning front
of coke fines occurs at the depth 0.06 m. In this case burn-
ing becomes more stable, i.e. the firing process is finished.
Thereby, heating of the upper level of the agglomerated
layer with final thickness is necessary in firing, what cor-
responds with practical results.

The process of moisture elimination and dissociation
of carbonates conducts almost simultaneously as the pro-
cess of fuel burning, and it covers relatively narrow area
along the height of the agglomerated layer. At the same
time, fuel burning-out (Fig. 1) and oxygen consumption
for burning (Fig. 2) take place at the initial stage. Fig. 3
presents experimental data on firing time of the agglomer-
ated layer at different values of heat carrying gas tempera-
ture and oxygen concentration.

dc, %
4
1 :
2 3 .
3 q
2.-
11
0 T T T T T >
0.05 0.1 0.15 0.2 0.25 y,m

Fig. 1. Distribution of concentration C, of coke fines
from the height y of the agglomerated layer
in the firing procedure for the following time

periods:
1—1=90s; 2—1=120s; 3—1t=150s5;
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Fig. 2. Distribution of oxygen concentration C, depending

on the height fthe agglomerated layer y in the firing
procedure for the next time periods:
I1—1=90s;2—1=120s; 3—1=150s;
4—1=170s
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Fig. 3. Dependence of firing time 7, of sintering
charge on feed rate W, of heat carrying gas
in the agglomerated layer at its different

temperatures and oxygen concentrations
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Conclusion

The presented paper describes multi-scale math-
ematical model based on differential equations with
partial derivatives for thermally activating chemical
and energotechnological process of sintering of iron ore
raw materials, with complex account of mutual effect of
thermal physical as well as chemical and technological
energy-intensive processes. The following technological
processes are investigated: moisture elimination, burn-
ing of coke fines, decarbonization, sintering, moisture
condensation in the levels of the agglomerated layer
with different heights. The values of forming time for
the stable burning area are obtained. Multifactorial re-
lationship between operation of chemical and energot-
echnological system for sintering of iron ore raw materi-
als (from one side) and parameters of fuel burning area,
oxygen consumption and decarbonization reactions
(from other side) is revealed.

The developed multi-scale mathematical model pro-
vides high-quality relationships of thermal parameters
during sintering process and allows to analyze the effect of
each parameters on behaviour of the complicated chemi-
cal and energotechnological system in iron and steel in-
dustry, to reveal the potential of energy- and resource-
saving, to rise energy and resource efficiency of the noted
system based on optimization of the described chemical
end energotechnological processes.

This study was performed within the framework of the
state assignment, project number FSWF-2020-0019.
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