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Abstract. One of the main reasons for the withdrawal of high-temperamre aggregates for
repairs is the desmaction of enclosing structares dme to the ocourence of temperanire stresses.
A wide range of refractory materials nsed, a large mumber of product names, a difference in the
operation of even the szme aggregates makes it mposable to apply general ponciples for
determining the residual resource of hi gh-temperamire agzgregates, which is based, as a mle, on
the determmination of temperature stresses.

In the article there is suggested a techniqwe bazed on the method of simulation modeling,
allowing to estimate the remaiming resource and relishility of the operating equipment. Thera
are given data oo the calonlaton of these indicators for & 25-ton stesl-casting ladle. The values
obtained make 1t possible to evaluste the ratomality of the further operstion of the high-
temperamres unit by the condition of relisbility of the enclosing strac fures.

1. Introduction

The medern comcept of “indusinal seqmity” is closely nfercomnected with the concepts: nsk
analysis, operability and relisbility of equipment, as well as determining its resicual Tesource.
Determination of the reliability of the system as a whole is done by analyzing the reliability of its
individual components. The analysis uses actual data on equipment operation in recent years. So, the
authors [1] determine the relishiity of the work of a complex of convesyor systems and robots based
on the operation of Tobots. Anana]],'sm of the faillure rate and the average time befween faillures leads
to a calculation of reliability with the assumption of a constant frequency of failure. This allows you to
consider options for replacing robots with the least reliabality.

An ingportant problem of reliability theory is the estimation of the parameters of the expected
failure models. Evaluation can be based on data collected during operation. At the same time. the
collected data amay can incorrectly display the state of the aggregate for fimther data processing. In
work [2] the application of the Bayes theorem for evaluative analyzes for competing nisk systems is
considerad. For this distrabution. 2 sinmlation is performed to check models and estimates and to study
the effectiveness of estimates for a different sanple size. Conclnsions are given about the possibality
of Bayes" theorem application for risk assessment.

The mam problem in detenmining residual wear i such cases &= the detenmination of the acfual
state of the constituent elements of the umit during its operation. Maturally, for a mumber of wmits,
measunng the physical parameters of the elements m their operation 15 an mmpossible task at this stage
in the dewelopment of teclmology. In other cases, the results will be characterized by the accuracy of
the data obtamed



Let's consider defimition of a residual resource of protecting constructions of high-temperanre
umits. One of the man types of control of protectng construchons of lngh-temperature aggregates for
determiming their actnal state 13 the thermal type of control. All methods of thermal control are based
on the imteraction of heated sections of protecting stmachures with sensors for measumng temperature or
on the measurement of these tenyperatures by a non-contact methed [3]. According to the temperature,
the condifion of the protecting smacture i= judzed.

The presence of defective areas is determumed by increasing the tenperature at contrel poimts,
which allows to judge the condition of the protecting struchme and carry out repair work before the
onset of emergency situations {for exanple, metal leaks for metallirgical machines).

These themmal comirol methods have sigmficant drawbacks. Fust, there 15 no possibililty of
estimating the remaiming rescurce. The use of these methads provides an assessment of the corent
wear of the enclosmg stmchures without an amalysis of previous processes and the subsequent
development of the situabon as a whole It should be noted that when a cotical value 15 reached. an
xzessment of the subsequent development of the simation is made - forecasting the emerzency
situation, but this is only at the final stages.

Secondly, the mstallation of temperature sensors m enclosing struchmes 15 a very undesirable
process. as this breaks the mtegrity of part of its layer. and when thermal monitering in - metallurgical
equipment there are limitations on the depth of installation of sensors.

. Formuladon of the problem
Thus, an mportant task 15 to obtam accurate data on the current state of the enclosing stnacture with
mininel dismiption of itz integrty and use of this dats to prediet the residual resouree.

3. Theom~

The residnal life of Imngs of a mumber of hgh-temperature aggregates. dummg wiich the thickmess of
the Liner does not change (or there is a topogaply of wear of the enclosing sttuchre during the working
canmaion of the unif), depends on 2 mmber of factors, and primanly on the value of the temparafure
siresses exceeding the permussible, their doration. and also on the lengths of compression and expansion
zomes nwhich the temperature siresses excead the allowable cnes.

The effact of other factors - the agoressive action of the enviromment, the euality of the materials
used and the work performed. the level of vibration, efc, can be assmmed constant for this wnit umder
constant operabing conditions. Let’s consider lugh-temperature aggregates of penodic achon, m winch
the work campaim consiste of several cycles of heating enclosing smichmes.

The authors offer the following methed of estimating the residual life of the enclosing structures of a
high-tenmperature unit. The first step 13 to place the tenperature sansors in the refractory layer, taking
mto accoumt the limitation on the depth of metallation of the sencors. The mamsher of wensors and the
distance from the inmer surface are chosen on the basis of operabonal hmutations related to the
possibility of emergency sitiations (leskage etc). Also ther mumber and loeaton will affiect the
acouracy of caloulations.

According fo the techmaque stated m the arficle [4], the temperature fields m the enclosing struchure
can be determimed.

The second stage 15 the anising siress ¢ by the fornmla-

.:s—_i'“_t M)

: M

where o 15 the coafficient of thermal expansion, (1/7C):
T, - is the average temperature of the refractory layer, °
T, - temperature of the pomt at which the tenperatire sh'-ess 15 caleulated °C;
E - modulus of elasticity of matenial, 3Pa;



v - Puisson's talic

We mitroduce two conc total compression rate (Now) and fotal expmsion rate (Nog ). If the
obtamed value ofﬂ:ztenu;?a:[m siTess Gexp. OF SCOMpT. excesds the value of the tensile EEFED_EHI for
a given type of refractory material, itz vale iz taken mto accmmt m determiming the comesponding
total value, which 15 calenlated as follows. Next, the step m time and coordimate for these condiions
15 detemined.

To take mto accoumt e lengths of conpression and expansion zones m which the temperature
stresses exceed the allowable ones, we mfroduce a coefficient that comsiders these lengths. By the
length of the compression zone we mean the distance between two neighbonng points in which the
stresses are deternuned, provided that the compression stresses in these two points exceed the
allowable omes. That 15 fo say, if the compressive stresses at a grven step exceed the permmssible
vilues at three points, then z = 2. The fornmia for caleulating the towal compression criterion (Mg )
ata mven time step (for example, for a tme of 1: 40) would look Like this

N = o (2 1), &
wire 2 s (e puundes of compession svaes o which Qe teealoe desses eaceed e allowalle
ones.

A smular fommals 15 used for tensile stresses. Next, we summanze all the obtuned valnes of the
sunmeTy indicasors (separately for compresnon md expancion) for all tme steps. Thiz amomt, when
calculated for the whole work - Eﬂ:;maunfﬂr umt, 15 the maxirnm total compresaon m{ﬂﬂ,_nj
arxl Ilr..' pusinmen ldal expaegon pdex (TN o) These lotals lake oo avcvunl oy le sheses

tae ulimaite strtn.ﬂthandleadmgmﬂledﬁhumanﬂfh enclosing stuctimes.

To mireduce the residial resource crfena, we miroduce the concept of toal adnusable mdicators
that vall conmider the sfreises anming at the fme and ai points where, 1n reality, the stresses exceed the
al owable values. Ony when u:ﬂl{'tﬂmng:he total allowable values, instead of real values of stresses, we
substitute the strength values of the matenal T'or exanmple, at the tme 0:40 a temperatune stress of 115
MPa (wath the strengh valee of 40 MPa) ocours af the pomt, wluch we consides for calevlating the total
mdex To calculate the total allowable values 1t 1s necessary fo fake mto account the vahe of the stress
at the zame pomr at the zame fime_ Tt at the mioe of 440 MFEa

If we divide the tota valoes obtamed 5y the tofal allowable values, we obtamn a cntenom of
reliabibity for strength (for example, for compression):

5,
i i .b'.l il 1
'—1"....-". {3}

In ts case, the step in time and coordmate m the determination of stresses will determune the
accuracy of the calculation of reliability critenia. To estimate the remaining resource, it is also necessary
to caloulate two anthmetc average valnes of the total indices for ome cycle (for conpression - TN
somype av, TOT expansion — FN ..

The remlting residual resource cntona will determine the residual resource for subscquent work
campagns of this wmt wnder the wchanged openting condiions of the wmut and the we of the same
materials, laver thidkmesses. =tc. That is, after the next major I2pair, tempersnme Measurement.
caleulation of temperatime stresses (G, and 6., ), total indicators and rebabibity critena for strength
are performed. The obligstory mnihmm&eusmgmﬂlesecakulatﬂnsnfﬂmmmpmmﬂmt
wie chosento celeulste the recidual rescurce tmitena.

Affter the first cyde of the mit operztion, we have two values: N, and N,,,,. After tie second
and subsecquent cycles, we add the existng toal indicators with the newly obtaned ones for the cycle n
ard obtan the total values after the cyede n (3N, , and N ). At the same time. for each next

£



cycle ¢ we estimmte the posst of its accident-free bry tothe available s 3N,y
and TN...., the values gl t:ﬂ:t}and T Nop s Iespecuwme nhtamdaddmg values are grester than
naxinum total compression mdbices (2N, ) or the model ‘otal tensile mdices (FN,,, ). then 1t 15 not
rational to wse the umt m the next cycle.

To dchmmﬂmmmn;hfcafhc cocloang stuchwes of the igh-tempenture umt, steel-
pounng ladles with a capacity of 25 tons were chosen. The operation of these ladles 1s carmed out at the
enterprise FF LI P "Casting” (Pavlodar. Kazakhstan).

The cvcie of the ladle operation 15 as follows: heatnz of its limng st the stand with a ms bumer to
the terperzture of 930 - 1000 °C; discharge of the metal from the arc steel casting fimnace mto 1t;
firther provessmg on the installation ladle-fimmare in the reqpnred rhemical comprartion: fransportation
of the metal to the machine of contumous castng of blanks and discharge of the metal mto the
mstallshon

The ladl= lming consists of four lavers. The first layer (warking), directly in contac: wath the molten
metal, consists of refractory bricks 135 mm thick. The second layer - beat-insulaing, is made of
mﬂht&mnnﬂmramnnnem 30 mm thick. The third laver s made of chamotte bricks of grade
ShB-3 with the thickness of 65 mm and the last layer 4, i confact with the ladle cover, represerts
sheets of ashestos board 10 nom thick (Figore 1).

o

e

e L

7

2
7/
A
Z

N

Figure 1. Liming of walls of a 23-ton steel-pounng ladle

The an=ang stresses will be corsidered only m the reffactory laver, for which the compressive
strength 15 £0 MPa; tensile strength- 25 MPa [£].

Analymng the themmal processes in the liming of the steel ponming 1adle, we ran 2ay that the process
that deternimes the resistance of the hminz 7 of the ladle will be heating it with gas on the stand. I is this
process, controlled nmamaally and based only on the expenence of the perscene] (there are 20 techmcal
nethods fu‘mnﬂ‘nl]u.gﬂr surface temperatires of the limng). 15 mdiaduel for each cycle. Thus, the
achievemert of the fmal result m ths process - the surface temperature of the lmmg Y30 - 1000 g
each time 15 camed out by similar, but different curves The remaimine processes: discharge of metal
into a ladle, transporting it efc. - practically identical in different cycles.

4. Results

To study e anising lepyrealwe shesses, peasuenenks wee made of Ge benceratoes of (e e
surface of tie lining t two characteristic points: /3 of the height of the ladle — the level of the core of
the torch (omve L) and on the bottom (curve 1) (k1g 2) [6].

It can be seen from these graphs that there are two pomts m tiee at which the surface tempersture of
the lmmg nses sharply. This comesponds to an increase i the fiel supply to the umer at the stand for
heating the ladles. The withdrawal of the ladles for repar 1= camed ow wath a recidus] bock thicknese
of the refractory layer of at least 7 mm while the ladle hfztime before the overhaul 15 40 melts (or
cvcles).



Further, according to the equation (1), 1t 1s possible, by specifying the step m time and coordinate, to
calculate the arisi ing temperature stresses. After calculating the temperature stresses in the working layer
of the liming, we nbtam the following pichure (Figure 3). There 15 a clear relatonship between the
temaperature junaps (Figure 2) and the values of stresses that exceed the permussible values.
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Figure 3.5tresses at the pomt of the level of the core of the torch on the outer (1) and mmer (2)
surfaces of the working layer of the hmng

In the process of heating, two penods of time are allocated in graph 1 (Figure 3), the temperature
stresses tension in which exceed the pernmssible: (0h 20m - 2h 10m. 5h 10m - 7h 30m); on the graph 2
{compressive siresses): ((h 30m - Oh 50m, 5h 20m - 8h 10m).

Now, having the values of the real temperature stresses that anse duning the heatng process of the
linng of the steel-pounng ladle, taking mto account the step m coordinate and tome, it 15 possible fo
calculate the residual resource criteria. We give the followng data: when deternuning the temperature
stresses with a tume step of 10 mumites mxib}rbreahﬂgﬂrﬂndmss of the refractory layer of the liner
mto six sections, with the given heating curve, we obtain the values of the maxinmm total values for
one C}'ﬂlEfﬂ]’Eﬂmﬁmﬂ-ﬂ IN e » =6951.213; for the expansion N = 831646,



[1]
[2]

[3]
[4]
[5]
[6]

By taking the temperature readmgs for the working campaion of the steel-casting ladle in general
(before the overhaul) for 40 cycles and calculatmg the total values, we obtan the followmg data: for
compression TN, = 279883 314; for the expansion TN, = 342826.321. The calculated reliability
cnitenia for strength are: for compresaion k... =2.17; 15‘1:|11't]:l.‘:E:t;lﬂ|1131'u::|11]s:“P =191.

The cntenia show the following: if dunng the operation of the umt the cntenon for conpressmg
kioue. and the cntenon for expanding the k.., exceed the values obtaned then the ladle nmst be taken
out for repair (the thickness of the refractory layer 1s about 70 mm). If durng the working campaign of
the ladle k = 1, the operation of the ladle 15 performed with stresses exceedmg the pernmssible hinmt, and
if k = 1, then the resnlting strasses do not exceed the stransth limit of the materials nsed

The residual resource o, (In quantibes of smelting) can be estimated by the followmg formmula:

5. Discussion of results

The obtamed results of the values of the total mdices for compression and expansion allow
calculating the residual resource at any tume (after any cyele n) by companng the valoes (ZN g » and
IN.; o with the values of the total indices for compressive stresses (ZN,.., ) of tensile stresses
(EN,.). respectively.

The values obtamed for the reliability criteria for strength show the limiting state of the criterion,
beyond wlich the: destraction of the lmer will be cntical for these operaing condiions.

The mam problem 1s to obtam data on the temperature fields of the refractory lining layer during the
heating process. These data can be obtained in any accessible and technologically safe way and used to
calculate the resadual resource cotena. The methodology can be franslated mfo a computer

language and, when comnected to a computer and temperahmwe sensors can be used at

Programnung
workplaces of ngh-temperature 1out operators.
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