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The article presents a comprehensive assessment of the technical condition of heat engineering units on-line,
taking into account the operating factors. The value of the residual life of the lining of a steel-pouring ladle af-
ter 30 melts has been determined. The calculated results have been compared with the results of equipment
operation. Adaptation of a comprehensive assessment of the residual life for the lining of 25-ton steel-pouring
ladles allows speaking about the possibility of its application to assess the residual life of the refractory layer
for a wide class of high-temperature units.
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INTRODUCTION

The residual life value is the initial information for mak-
ing decisions to improve the reliability and safety of heat en-
gineering equipment due to the reasonable assignment of op-
eration terms and modes, which allows assessing the opera-
tion duration, after which the unit destruction is possible.
Thus, the assessment of the residual life allows improving
not only technical and operational, but also economic charac-
teristics.

Taking into account the reduction in the lifetime of the
main equipment in optimization calculations leads to an in-
crease in economic efficiency up to 37%. When calculating
the most probable capital costs and the cost of fuel, the eco-
nomic effect is from 5 to 15% [1].

There are three main ways to assess the residual life of
the units: physical and mathematical simulation, the use of
methods of statistical processing of the results of equipment
inspections, as well as the use of technological parameters
measured on-line.

In the first case, the use of physical models gives suffi-
ciently accurate results that can be applied to a number of
high-temperature units. The data obtained by the authors of
[2] are proposed to be used for converters, steel-pouring la-
dles, blast furnace troughs, etc. The disadvantage of this
method of predicting the wear of refractories is the difficulty
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of taking into account the constantly changing operating fac-
tors of heat engineering equipment that may arise during the
working campaign of a particular unit.

In [3], the results of calculating the local stress-strain
state of the elements of high-temperature units in order to as-
sess the thermomechanical resource are presented. Computer
simulation shows that the resulting stresses and mechanical
strains caused by the influence of an inhomogeneous temper-
ature field can be significantly higher than the stresses
caused by pressure inside the analysed component. High val-
ues of thermal tensile stresses arise as a result of a sharp
cooling of the equipment during its unstable operation.

Mathematical calculations are based on the methods for
determining the current state of the lining using acoustic-ul-
trasonic echo signal (AU-E), electromotive force (EMF),
chemical analysis, scanning electron microscopy, energy
dispersive spectroscopy (SEM-EDS), and x-ray diffraction
(XRD) to characterize the erosion mechanism and protect the
side wall of the hearth [4 — 6].

The use of methods of statistical processing of the results
of equipment inspections allows, in contrast to scheduled
preventive repairs (SPR), constantly adjusting the plans for
repair work depending on the criticality of the thermal state
of the lining and its participation in the production chain. It
allows increasing the efficiency of using not only equipment
in general, but also energy, material and human resources,
etc. At the moment, there are a number of methods for as-
sessing the residual life, each of which belongs to one of two
models: logical-probabilistic or deterministic [7, 8]. The dis-
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advantages related to the first method are also inherent in the
use of statistical data: the data acquired during previous
working campaigns of high-temperature units may not re-
flect the real conditions at the moment.

Various methods make adjustments to these calculations
related to the refinement of the materials characteristics de-
pending on the operating conditions [9, 10]. At that, these
dependences are determined, as a rule, in laboratory condi-
tions.

The use of technological parameters measured on-line al-
lows not only determining the necessary dependences of the
influence of operating factors on the state of the refractory
lining, but also adjusting the unit operation and assessing the
residual life with higher accuracy, which allows speaking
about lifetime management [11].

This method has not been widely used in industry, which
is explained by the complexity (and sometimes impossibil-
ity) of installing measuring sensors and the absence of calcu-
lation algorithms.

The influence of operating factors on the residual life of
refractory lining elements, as a rule, is considered in terms of
optimizing the quantitative indicators of these factors. Thus,
the authors of [12] consider a number of parameters that af-
fect the durability of the working layer only, and not the lin-
ing of the steel-pouring ladle as a whole, and, accordingly,
give recommendations for adjusting the technological pa-
rameters.

In this study, the influence of operating factors on the re-
sidual life of lining refractories is considered not in terms of
optimizing these parameters, but in terms of the influence of
the considered factors deviation from those adopted by tech-
nology.

RESULTS AND DISCUSSION

The duration of the working campaign of a wide class of
high-temperature units depends on the technical state of the
lining and the wear rate of its working layer.

Existing assessments of the residual life of high-tempera-
ture units assume the use of only statistical data on the equip-
ment operation for predictions. The proposed comprehensive
assessment involves the use of not only statistical data, but
also the mode and technological parameters of operation re-
ceived on-line.

A comprehensive technique for assessing the residual life
of refractory materials of high-temperature units includes the
following blocks:

— block 1: acquisition of statistical initial data and
on-line data;

— block 2: mathematical model of the thermal state of
the refractory layer;

— block 3: mathematical model of temperature stresses
of the refractory layer;

— block 4: determining the adjustment coefficients for
the deviation of operating conditions;

— block 5: determining the residual life.

Let us consider the functioning of each block separately.

Block 1 assumes the availability of data on the operating
thickness of the refractory layer and its wear rate, mode pa-
rameters and their changes during operation, etc. In addition,
the components of this block are the value of the residual
layer thickness before the next cycle of equipment operation
and the parameters of the technological process, received
on-line.

Statistical data are the basis for blocks 3, 4 and 5, and the
data of the technological process parameters received in
on-line mode are the initial and boundary conditions for
block 2.

Block 2 contains a mathematical model of the thermal
state of the refractory layer. For most linings of high-temper-
ature units, the following common features characterizing
the mathematical model used can be distinguished:

— as a rule, one-dimensional temperature field, taking
into account the geometric dimensions of the units;

— one-sided heating without internal heat sources;

— cyclic change of heating and cooling periods;

— heat transfer through a flat wall, subject to large diam-
eters of cylindrical units.

As an example of a comprehensive assessment of the re-
sidual life of a refractory lining, let us consider the operation
of a 25-ton steel-pouring ladle.

The data of block 1 contain the values of temperatures
along the lining section before the unit heating (initial condi-
tions):

T =const, 0 <1t <9,
=0

where T is the temperature, °C, at the considered point with
coordinate x at time T = 0; 0 is the lining thickness, m.

The boundary conditions for the considered mathemati-
cal model will be the following:

— boundary conditions of the 1st kind on the inner sur-
face (the temperature of the lining inner surface is known);

— boundary conditions of the 3rd kind on the outer sur-
face (the pattern of heat transfer between the unit surface and
the environment is known).

Taking into account the processes of thermal operation of
heat engineering units, let us consider the process of heat
transfer to be one-dimensional (7'= 7{(x, t)) without internal
heat sources.

For the proposed mathematical model, let us use one of
the most universal numerical methods: the method of finite
difference.

To solve the resulting equation, let us use an implicit
six-point difference scheme, which is unconditionally stable.
The system of linear algebraic equations corresponding to
the implicit six-point scheme is solved by the sweep method
[13].

Block 3 includes the determining of temperature stresses
based on data on temperature fields obtained during the im-
plementation of block 2.
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The calculation of thermal stresses is carried out on-line
with the direct determining of temperatures by the formula
[14]:

G:—I(X—ET(X,I),

where o is the thermal stress in the lining, MPa; a is the co-
efficient of thermal expansion, °C”!; E is the elasticity modu-
lus, kg/cm; v is Poisson’s ratio; T, is the temperature at the
considered point with the coordinate x at time t, °C.

According to the analysis of the destruction conditions
for the lining of high-temperature units (block 4), let us dis-
tinguish a number of conditions that determine the residual
life of their refractory element: the level of thermal stresses
that arise in the lining during heating and cooling, the acidity
(basicity) value of the slag, the melt temperature, refractories
density.

In the proposed comprehensive assessment, the operat-
ing conditions are taken into account using adjustment coef-
ficients, which depend on the value of the operating condi-
tions deviation from the standard value.

Firstly, these are the thermal stresses, that occur in the
lining during heating and cooling, which are the determina-
tive condition in assessing the residual life, since a decrease
in the lining thickness due to the impact of thermal stresses is
the most common reason for bringing high-temperature units
into repair. For their assessment, appropriate criteria for de-
termining the residual life have been developed. These crite-
ria include not only the very fact that the values of the result-
ing stresses exceed the permissible values, but also the nu-
merical reflection of the magnitude and duration of these
stresses.

To take into account the thermal stresses that occur in the
lining during heating and cooling, let us find the value of the
adjustment coefficient deviation by the formula

G—GPeml(O G—Gperm(o

J. o(x)dx IG(‘E)d‘L’
i=1 0 6-G Y0
_ perm
Kdev - n ’
ol tx,
av 1 1
i=1

where o is the temperature stress in the lining, MPa; O perm 1S
the ultimate strength of the refractory material used, MPa; x
is the lining thickness, m; n is the number of sections in
which the stresses exceed the permissible values; 7 is the du-
ration of heating or cooling, s; o, is the average value of
thermal stresses in the lining in a certain section, MPa; x; is
the lining thickness at which the temperature stresses in the
lining exceed the ultimate strength of the refractory material
used, m; 7, is the duration of heating or cooling of the area
where the temperature stresses in the lining exceed the ulti-
mate strength of the refractory material used, s.

The criterion is a total indicator of stresses over the
thickness x and over time t for all moments of thermal opera-
tion of a high-temperature unit (i =1 ... n) during one cycle,
at which thermal stresses exceed the ultimate strength.

Secondly, an important operating condition is the acidity
(basicity) value of the slag. It is confirmed by the significant
wear rate of the slag belt refractories. The value of this con-
dition is assumed to be constant for one operating cycle of
the steel-pouring ladle.

Thirdly, an increase in the heating temperature of the lin-
ing before draining the next melt above the normed one can
adversely affect their thermal strength properties. The tem-
perature rise of the lining heating is assumed to be constant
for one cycle.

Fourthly, the higher the temperature of the working me-
dium used in the unit, the higher the likelihood of the refrac-
tory transforming into melt. For a number of high-tempera-
ture units (pouring and intermediate ladles), the temperature
of the melt poured into the ladle determines the presence and
magnitude of thermal shock, the impact of which affects the
resistance of the ladle bottom, where, in addition to thermal
shock, there is also a scouring effect of the melt. The assess-
ment of this operating condition is also assumed to be con-
stant for one cycle.

Fifthly, the high refractory density is an operating condi-
tion that increases the ability to resist the lining scouring.
Under the influence of density, a change in this physical
property of refractories of the same brand in different batches
or from different manufacturers is implied. Density of
refractories is assumed to be constant for the working cam-
paign of the ladle (time between overhauls).

The operating conditions that affect the wear of the re-
fractory layer include a number of other influences: mechan-
ical damage during operation, abrasive metal impact, etc., or
specific operating conditions that can supplement the speci-
fied operating conditions.

The values of the adjustment coefficients are taken into
account when the values of the operating conditions exceed
the regulated ones: temperature stresses and melt tempera-
ture; as well as in case of a decrease in the density factor of
refractories. The increase or decrease in the acidity (basicity)
value of the slag depends on the type of lining used. The
value of the adjustment coefficients for operating conditions
is determined individually for the equipment based on the
experience of its operation.

The residual life 7, (in the number of melts) in block 5,
taking into account the adjustment coefficient of the operat-
ing conditions, will be determined by the formula

5. -6

l Cr
n, =——==,

k
\/K2

where 9, is the lining thickness at the beginning of the i-th
cycle, mm; §_, is the minimum permissible (critical) lining
thickness, mm; v is the average decrease rate of the lining
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thickness of a high-temperature unit, mm/melt; K is the gen-
eral adjustment coefficient.

The general adjustment coefficient is calculated by mul-
tiplying the adjustment coefficients for the individual operat-
ing conditions:

Ky =K, K, K K, K.

To assess the residual life of the refractory layer, temper-
ature measurements were performed on the inner surface of
the ladle during its heating. Thus, block 1 includes the fol-
lowing information:

— the average operating duration (working campaign) of
a steel-pouring ladle before overhaul is 40 melts (cycles).
Subject to the operating mode, the lining durability increases
and amounts to 42 — 43 melts;

— the initial working layer thickness of the lining from
periclase bricks is 135 mm, while the minimum permissible
(critical) thickness is 75 mm;

— the average value of the decrease rate of the lining
thickness of the high-temperature unit (excluding operating
conditions that affect the residual life) is 1.43 mm/cycle;

— the initial conditions: the temperature over the lining
section is constant and equal to 20°C;

— boundary conditions: on the inner surface, boundary
conditions of the 1st kind; on the outer surface, boundary
conditions of the 3rd kind.

The information of block 1 according to the data on the
temperature change during the heating process is shown in
Fig. 1 as a dependence of the temperature of the lining inner
surface on time. During the heating process, the temperature
was measured in the lining area with the highest temperature
(the flame core area during heating).

Based on the data on the temperature change of the lin-
ing inner surface, in block 2 the temperature fields of the lin-
ing during heating are calculated (see Table 1). The data on
the temperature fields are the initial data for block 3 when
determining the thermal stresses that occur during heating
(Fig. 2). The stress values obtained in block 3 are the initial
data for calculating the deviation of the adjustment coeffi-
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Fig. 1. Diagram of heating the inner surface of the lining of a
steel-pouring ladle.
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Fig. 2. Stresses arising in the lining during heating: /) tensile
stresses on the outer surface; 2) compression stresses on the inner
surface of the lining working layer.

cient for taking into account thermal stresses. Block 3 itself
contains the values of the adjustment coefficients, depending
on the operating conditions. To take into account the operat-

TABLE 1. Adjustment Coefficient Value at the Deviation of Operating Conditions from the Regulated Value

Value of the adjustment coefficient when the operating condition deviates

Operating conditions

1.5 -2 times 2 —2.5 times 2.5—3 times 3 —3.5 times 3.5—4times  above 4 times
Temperature stress during heating (increase) 1.015 1.020 1.030 1.050 1.080 1.100
Value of the adjustment coefficient when the operating condition deviates
Operating conditions
0-2% 2—-4% 4-6% 6—8% 8—10% 10-12%
Acidity (basicity) of slag (increase/decrease) 1.02 1.03 1.04 1.05 1.06 1.08
Lining heating temperature (decrease) 1.00 1.00 1.00 1.0025 1.005 1.0075
Melt temperature (increase) 1.01 1.02 1.03 1.04 1.05 1.06
Refractories density (decrease) 1.01 1.02 1.03 1.04 1.05 1.06
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ing conditions of steel-pouring ladles, a table based on oper-
ating experience when operating conditions change in the in-
dicated ranges has been compiled.

To assess the residual life of the refractory layer, temper-
ature measured on its inner surface during heating, taking
into account the fact that the processes of heating steel-pour-
ing ladles before draining each melt are identical.

Based on the determined values of the criterion for as-
sessing the residual life and the permissible value of the cri-
terion for assessing the residual life, one obtains the value of
the operating conditions deviation for thermal stresses of 3.6,
which, in accordance with the table, gives the value of the
adjustment coefficient of K; = 1.08.

According to the operation data, during the steel-pouring
ladle operation for 30 cycles, no increase in the excess of ba-
sic or acid oxides was detected. Therefore, the value of this
coefficient is taken equal to K, = 1.

Exceeding the heating temperature of the ladles was not
detected (K5 =1).

The melt temperature was recorded at a level of approxi-
mately 1650 °C (an increase in the metal temperature in the
ladle-furnace unit) in 15 cycles. For calculations, the adjust-
ment coefficient for the melt temperature was taken to be
K,=1.01.

The change in the density of the used refractories was re-
corded with a deviation of up to 2%. The adjustment coeffi-
cient for the refractories density is assumed to be K5 =1.01.

The final adjustment coefficient is 1.1. The residual life
n; (in the number of melts), taking into account the adjust-
ment coefficient of operating conditions, is determined by
the formula

n, =22275_jog
143-11

The result obtained is confirmed by the actual operation
of the steel-pouring ladles. The results of ladle operation be-
fore the overhaul showed that the total number of ladle oper-
ation cycles was 41 melts. The recommended amount after
30 melts was 10.

CONCLUSION

The proposed comprehensive assessment of the residual
life of the lining of high-temperature units allows predicting
the removal of equipment for repair using the value of the re-
sidual life of the refractory materials. A comprehensive as-
sessment is based on statistical data on the operation of
high-temperature units and data on technological measure-
ments of parameters during operation.

Adaptation of such an assessment of the residual life for
the lining of 25-ton steel-pouring ladles allows speaking
about the possibility of its application to determine the resid-

ual life of refractory protection for a fairly wide class of heat
engineering units.

The research was carried out with the financial support
of the Science Committee of the Ministry of Education
and Science of the Republic of Kazakhstan (Grant
No. AP09561854).
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