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COMPUTER MODELING OF RATIONAL MODES OF LOCAL HEATING
OF PLATE STRUCTURES IN GAS FURNACES

KOMII'IOTEPHE MOJEJIIOBAHHA PAIIIOHAJIBHUX PEKUMIB
MICHEBOI'O HATPIBY INIMTHUX KOHCTPYKIIU B 'A30BUX [TEYAX

The paper presents the results of a computational experiment aimed at developing rational
modes of local heating of plate structures in gas furnaces. The traditional three-zone scheme with the
allocation of the heating zone (the working space of the furnace), the thermal insulation zone (the are-
as where the product is in contact with the furnace lining) and the cooling zone (areas of the product
outside the furnace), as well as the scheme with thermal insulation of zones outside the furnace
(scheme A) and the introduction of buffer zones in the working space of the furnace (scheme B). A
nonlinear mathematical model and a local-one-dimensional method of its implementation are used. It
is established that scheme A provides a reduction in the heating time of the weld zone to a given tem-
perature while reducing the temperature difference along the width of the heating zone, which is im-
portant from the point of view of organizing the technological process of local heat treatment. Scheme
B further improves the specified characteristics of the technological process.

Keywords: computational experiment, mathematical model, local heat treatment, rational
heating modes.

Jlokanvua mepmiyna 06poOKa 6enUK02AOAPUMHUX KOHCIPYKYI, GUSOMOGIECHUX e/leKMpOouLia-
KOBUM 38AaPI0BAHHAM, € NPOSPECUBHUM pecypco3bepicaroyum mexHono2ivnum npoyecom. OOHUM 3 oc-
HOBHUX emanie ybo2o npoyecy € Hazpie 00 3a0aHOi memMnepamypu 8 yMosax Micyeeozo menjioniose-
Oenns. ¥ moii dce uac 3aKOHOMIPHOCMI HYMPIUWHBLO20 | 308HIUHBO20 MENI00OMIHY 6 npoyeci micye-
6020 HA2pigy 3a 0ONOMO2010 NEePEHOCHUX 2A308UX Neuell 8UBHEHI uje HeOOCMAamHbO, Wo 00YMOBIHE
aKmyanvHicms 0aHoi pobomu.

Memoro 0ocniodicenHst € BUHAUEHHS HA OCHOBI 0OUUCTIOBANLHOZO eKCNEPUMEHTY MONCTUBUX
8apiaHmMi@ YOOCKOHANEHHS MEXHON02IUHO20 NPoyecy AOKAAbHOI MepMIuHOi 00pOOKU NAUMHUX KOHC-
MPYKYiti y 2a3068uX neuax.

Y pobomi pozensanyma mpaouyitina mpuzoHHa cxema 3 GUOLIEHHAM 30HU Ha2pigy (pobouuli
npocmip neui), 30HU Menaoizonayii (OinaHKu, oe npooyKm KOHMAKmye 3 (ymeposKor nedi) i 30Hu
0X01000iCeHHsl (OLAHKU NPOOYKMY 308HI Newi), @ maxKoic cxemu 3 menioizonAayicio 301 no3a nivyio
(cxema A) i ssedennsim bygeprux 30n 6 pobouomy npocmopi neui (cxema b). Ilpu nposedenni o6uuc-
JIHOBANILHO20 eKCNEPUMEHM) U000 MPAOUYILHOL cxeMu mepmooopoOKY BUKOPUCIAHA paHilie po3poo-
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JIEHA HEeNIHIUHA MAMeMamuyHa MoOeb, TOKAIbHO-00HOSUMIDHUL Memoo il peanizayii ma xomn'tome-
PpHa npoepama. [{ns nposeoerHs 00UUCTIO8ATIbHO20 eKCHEPUMEHY 68 080X THUUX 8UNAOKAX BUKOPUC-
MOo8Y8ANUCS 8IONOBIOHUM YUHOM MOOUGDIKOBAHT MOOE, an2opummu i NPOSPamu.

B pezyromami obuucnioganvnoeo excnepumenmy 6CmaHo8ieHo, Wo Menioizonayis 301 8Upo-
0y, AKI po3mawiosani no3a niuuio, NPpU3E00UMb 00 3HAYHO20 SHUIICEHHS MEMNEPAmypHUX nepenaois sk
no 6cill 30Hi Hazpisy, max i 8 30Hi wiupunoro 0,3 M 8i0 36apHO20 W8a, Wo 3abe3neuye AKiCmb MexHo10-
2iuH020 npoyecy. Taxum 4uHOM, MOX’CHA cmBepoxcysamu, wo cxema A dae nepesazu neped mpaou-
YIIHOIO CXeMOI0 JIOKATbHOT MepMIiuHOi 00poOKU 6 2a308ux neuax. 30kpema, npu UKOPUCTIAHHT PedtCU-
My mepMiuHoi 00poOKU 3a CXeMOt0 A MONCHA 3MEHWUMU PO3IMIPU 2A3080i YCMAHOBKU 0151 IOKANbHO20
Haepigy (3HU3UMU KanimaivHi eumpamu Ha 0y0ieHUYMEo neui).

Cxema b 0odamkoeo noxinwiye 3a0ani xapaxmepucmuky mexHono2iunozo npoyecy. Oouax
C0 Mamu Ha y8asi, wo npakmuyra peanizayis cxemu b nog'szana 3 nepeobnaonanuam neui i 30ino-
WIeHHAM BUMPAm NAIUBA, MOMY 8 KOHKPEMHUX CUMYAyiax 80HA MOJCe He 0amu 3HAYHO20 eKOHOMIY-
Ho20 eghexmy. Ocmamoune pilenHs Npo 3aCMOCYBAHHS PO3STIAHYMUX CXeM 8 KOHKPEMHUX MeXHON02i-
YHUX NPOYEcax UMA2AE NPOBEOCHHS CNEeYIANbHUX POPAXYHKIE 3 GUKOPUCTIAHHAM AN20PUMIE | Npo-
2pam, wo BUKOPUCHOBYIOMbCAL 8 OAHIl pOOOM.

Knrouoei cnosa: obyucirosanibHuli eKCnepumMenm, Mamemamuina Mooeib, 10KAIbHA mepmii-
Ha 06poOKa, PayioHATIbHI PedCUMU HA2PIBY.

Problem’s formulation

Local heat treatment of large-sized structures made by electroslag welding is a progressive re-
source-saving technological process [1]. One of the main stages of this process is heating to a set tem-
perature under conditions of local heat supply. At the same time, the regularities of internal and exter-
nal heat transfer in this process have not yet been sufficiently studied, which requires further research
in this direction. In particular, this concerns the influence of various schemes for organizing the tech-
nological process using portable gas furnaces [2].

Analysis of recent research and publications

The study of the thermal state of products of different geometries in the process of local heat-
ing is devoted to the works of a number of domestic and foreign scientists, in particular 1.N. Manusov,
M.M. Bilyaev, V.A. Soroka, G.F. Alekseev and others [2]. In their works, analytical methods for solv-
ing one-dimensional linear problems of thermal conductivity within the framework of two-zone mod-
els were mainly used. There are also attempts to use numerical-analytical schemes for calculating
welded plate systems [3], as well as the use of finite-difference schemes to study the regularities of
local heat treatment of low-carbon steel [4]. The study of the full cycle of local heat treatment of large-
sized structures in gas furnaces according to various technological schemes, taking into account the
two-dimensional nature of heat transfer and nonlinearities of the process, is devoted to the works [5—
9]. In these works, modeling algorithms based on finite-difference methods are used using in some
cases a modified method of elementary heat balances. In particular, in the works [6, 8, 9], one of the
stages of local heat treatment according to the traditional scheme was considered, namely local heating
of the weld zone of the slab structure. In the work [8], along with the traditional scheme, a modified
scheme with heating buffer zones was used. The full cycle of local heat treatment (heating + exposure
+ cooling) according to a given schedule was considered in the works [5, 7]. In general, the analysis
of recent studies and publications indicates the feasibility of further studies of the full cycle of local
heat treatment, taking into account various schemes of organization of the technological process.

Formulation of the study purpose

The purpose of the study is to determine possible options for improving the technological process

of local heat treatment of plate structures in gas furnaces on the basis of a computational experiment.
Presenting main material

The traditional scheme of local heating of products in gas furnaces involves the allocation of
three different areas, on the surface of which the conditions of heat exchange with the external envi-
ronment will be different (Fig. 1), i.e. a three-zone model of local heat treatment is used (zone 1 — the
product in the working space of the furnace, zone 2 — the surfaces of the product are in contact with
the lining of the furnace; zone 3 — the product outside the furnace).
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Fig. 1. Traditional thermal scheme of local stove heating [9]

Along with the traditional scheme, consider the other two. The first scheme (scheme A) pro-
vides for thermal insulation of areas of the product that are outside the stove (Fig. 2).
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Fig. 2. Local heating scheme with thermal insulation of zone 3

Note that in scheme A, the heat exchange conditions in zones 2 and 3 will be the same, which
gives grounds to use a two-zone model of local heating. This fact is used in scheme B, where, in addi-
tion to thermal insulation of sections of the product that are outside the furnace, it is planned to intro-
duce buffer zones in the working space of the furnace with an increased heat flux density (Fig. 3).
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Fig. 3. Local heating scheme with buffer zones
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In scheme B, in accordance with the conditions of heat exchange with the external environ-
ment, zone 1 is divided into two zones (zone 1' and zone 1"), and zones 2 and 3 are combined into one
zone (zone 2+3).

A mathematical model and an algorithm for solving the problem in accordance with the tradi-

tional scheme (Fig. 1) with a known law of heat supply ql(x,r)are given in the paper [9]. At the same

time, a two-dimensional nonlinear mathematical model and a local-one-dimensional method of its im-
plementation with the involvement of a modified method of elementary heat balances were used to
derive difference ratios at boundary points. According to the same algorithm, it is possible to simulate
the thermal state of products using scheme A (it is enough to take into account that g3 =0).

When using scheme B, more significant changes should be made to the algorithm associated
with the need to take into account buffer zones. However, the general approach to the modeling pro-
cess remains the same, and therefore the modified algorithm is not considered in this work.

For the implementation of modified algorithms, a program was developed in the environment
of the Pascal ABC.NET programming system, using which a computational experiment was conduct-
ed. The basic version of the object of study is characterized by the following parameters: plate thick-
ness R = 0.2 m; zone lengths |; =0.5m, I, =0.8 m, I3 =1.6 m; plate material — steel 20; initial tem-

perature ty =20 °C, ambient temperature (zone 3) t. =20°C. Heat flux density in the heat supply zone
0 = 0,7-10* W/m2 ; heat flux density in zone 3 is given by the formulas
aa(x, 7) = ex(tc —t(x, R, 7)),
_ -8 3 2 2 3 4
o =5,67-10 -gmlTn +Th T+ T, - TS + T J+ 255-3T, —T¢,

where &n is the degree of blackness of the surface; T, =t(x,R,7) +273; T.=t.+273.
Difference grid parameters: Ax =0.05m; Ay =0.05m; Az =60 s (sec).
When using scheme A Qg3 (x, 2') = 0 , the rest of the parameters remain unchanged.

Fig. 4 shows the dynamics of changes in the temperature difference on the surface of the stove
using the traditional scheme (At;, At3) and scheme A (At,,At,). At the same time At; , they

At, characterize the temperature difference over the entire heating zone ( At =t(0,7) —t(l;,7) ),
and Atgz, Aty characterize the temperature difference in a zone If =0.3 m wide from the plane of

symmetry of the working space of the stove ( At =t(0,7) —t(If 7))
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Fig. 4. Temperature changes on the surface of the product
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Note that temperature differences on the surface of the product are important, since according
to the conditions of the technological process of heat treatment of welded joints, they determine the
quality of the process.

From Fig. 4, it can be seen that the thermal insulation of the zones of the product that are outside
the furnace leads to a significant reduction in temperature differences both throughout the heating zone
and in the zone 0.3 m wide from the plane of symmetry of the furnace working space. Thus, it can be
argued that Scheme A provides advantages over the traditional local heat treatment scheme in gas fur-
naces. In particular, when using the heat treatment mode according to scheme A, it is possible to reduce
the size of the installation for local heating (reduce capital costs for the construction of the furnace).

The use of scheme B leads to certain features of the formation of temperature fields compared
to scheme A. Fig. 5 shows the distribution of temperatures along the length of the product for several
moments of time (curves 1, 2 — z =1 hour, curves 3, 4 — 7 =5 hours, curves 5, 6 — 7 =12 hours)
for scheme A (curves 1, 3, 5) and scheme B (curves 2, 4, 6). It can be seen that when using circuit A,
as in the case of the traditional circuit [8], the temperature curves on the surface of the product are
smooth with an inflection point at the boundary of the furnace working space. When using Scheme B,
the nature of the temperature curves is more complex, especially in the areas corresponding to the
buffer zone. At the initial stage of heating (curve 2), even an increase in temperature is possible as you
move away from the weld.
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Fig. 5. Temperature fields on the surface of the product

The efficiency of using scheme B is illustrated by Fig. 6a), which shows the dynamics of tem-
perature changes on the surface of the plate in the center of the weld (x=0, y=R) when using scheme A
(in Figure t1) and scheme B (in Figure t> and t3). At the same time, the ts line corresponds to the case
when the heat flux density in the buffer zone is twice the flux density in the main heating zone
(Q1=2Qu), and the t; line corresponds to the case when Q:=1.5Qo.

From Fig. 6,a it can be seen that the heating process up to 600 °C when using scheme B is
much faster, and the speed increases with an increase in the density of heat flux in the buffer zone.
This is due to the fact that the buffer zone inhibits the outflow of heat to the zones outside the furnace
and contributes to a more active accumulation of heat around the weld.

Fig. 6,b shows the change in temperature difference on the surface of the plate in a zone 0.3 m
wide from the weld when using heating modes according to scheme A (At;) and scheme B

(Aty, Atg). It can be seen that the use of modes according to scheme B provides more uniform heating
of the board in the areas adjacent to the weld. Presence on the curve Atzareas where the temperature

difference takes negative values confirms the previously indicated effect of temperature increase as it
moves away from the weld due to the introduction of a buffer zone.
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Fig. 6. Comparison of heating modes according to schemes A and B

It should be noted that the given data are of a qualitative nature, that is, they unequivocally indi-
cate the advantages of organizing the process of local heat treatment according to scheme A compared to
the traditional scheme of organizing the technological process in gas furnaces and illustrate the ad-
vantages of using scheme B compared to scheme A. However, it should be borne in mind that the practi-
cal implementation of scheme B is associated with the re-equipment of the furnace and an increase in
fuel consumption, therefore, in specific situations, it may not give a significant economic effect.

Conclusions

To ensure rational modes of local heat treatment of plate structures in gas furnaces, schemes for
organizing the technological process with thermal insulation of product areas outside the furnace
(scheme A) and using buffer zones with increased heat flux density in the furnace working space
(scheme B) are proposed. The computational experiment on these schemes was carried out using a two-
dimensional nonlinear mathematical model and a local-one-dimensional method of its implementation.

The results of the computational experiment indicate that the use of scheme A provides a sig-
nificant improvement in the technological process by reducing temperature differences in the limited
area around the weld while reducing the duration of the heating period. The use of scheme B further
improves the specified characteristics of the technological process, but in specific practical situations it
may be economically unjustified due to the increase in the cost of organizing the process.

The final decision on the application of the considered schemes in specific technological pro-
cesses requires special calculations using the algorithms and programs used in this work.
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