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MATHEMATICAL MODELING OF LOCAL HEAT TREATMENT OF STRUCTURES
MADE BY ELECTROSLAG WELDING

MATEMATHYHE MOJIEJTIOBAHHSI MICIIEBOI TEPMOOBPOBKH KOHCTPYKIIIN,
BUT'OTOBJIEHUX METOAOM EJIEKTPOIIJIAKOBOI'O 3BAPIOBAHHS

The manufacture of large-sized products by electroslag welding leads to the occurrence of re-
sidual stresses, for the elimination of which further heat treatment of the product is required. A re-
source-saving option for such treatment is local heat treatment of a certain area around the weld.
However, the modes of local heat treatment are still remain irrational, which determines the relevance
of this work.

The purpose of the research is to develop and test a computer-oriented algorithm for modeling
the full cycle of local heat treatment of board structures in order to design rational process modes.

The heat treatment schedule usually involves three stages: heating to a certain temperature in
the seam area; exposure for a given time; cooling to the set temperature. Heating and cooling rates
should not exceed the parameters specified in the schedule. The time of the full cycle of heat treatment
will be minimal if the conditions for the implementation of the maximum permissible speeds are pro-
vided. To comply with such a schedule, it is necessary to be able to physically adjust the parameters of
external heat transfer on the basis of appropriate mathematical dependencies. The paper proposes a
computer-oriented algorithm for determining the change in time of the heat flux density q(7), the
supply of which to the surface of the plate provides optimization of the heat treatment process in terms
of speed. The algorithm is based on the use of a nonlinear mathematical model, a local-one-
dimensional method and the method of elementary heat balances to determine q(7).

The algorithm is implemented in the form of a program with the help of which a computational
experiment was carried out. The results showed a significant influence of the local nature of heat
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supply on the characteristics of the process. It has been established that such parameters as the width
of the heat supply zone and the density of the heat flux (in fact: the power of the heating device) are
interrelated. If the power of the heating device is insufficient, the desired result can be achieved by
expanding the heat supply zone. If it is structurally impossible to implement a zone of sufficient width,
an increase in the power of heating devices may be a way out of the situation.

In general, the results of the computational experiment confirmed the possibility of using the
developed algorithm to control the rational modes of local heat treatment of slab structures.

Keywords: mathematical model, algorithm, computational experiment, local heat treatment,
optimization.

Y pobomi npeocmasneno aneopumm mamemamuiHo20 MOOENI08ANHS NOBHO20 YUKTLY MICYegoi
MepMooOPOOKU NAUMHUX KOHCMPYKYIl, BU2OMOGIEHUX MEMOOOM el1eKMPOULIAK08020 36apioganHs. A-
20pUmM OPIEHMOBAHUL HA GU3HAYEHHS 3MIHU 8 YACi WINbHOCMI Menio8020 Nomoky ¢(7), niogedenHs
K020 00 NOBEPXHI Naumu 3a0e3neuye onmumizayiro npoyecy mepmooopooku 3a weuorkodicro. Buxopu-
CMAHI HEeNHIIHA MAMEMAMUYHA MOOelb, JIOKAIbHO-00OHOBUMIDHULL MemoO ma MOOUPDIKOSAHUL MemoO
e/leMeHmapHux menioeux oanancie oas eusHavenns q(t). Hasoosmvcs pesyiomamu 004UCI08ATILHOSO
eKCnepuUMenmy, sKi npOOeMOHCMPY AU CYMMEBGUIL NG TOKATLHO20 XAPAKIMeEPY Ni08edeHHs meniomu
Ha Xapaxmepucmuxky npoyecy i niomeepouy MOICIUBICIb 3ACMOCYBAHHS PO3POOICHO20 AN2OPUMMY
0151 YNPpAGIIHHA PAYiOHATLHUMU PEHCUMAMU MICYEBOT MEPMOOOPOOKYU NAUMHUX KOHCIMPYKYIU.

Knwuosi cnosa: mamemamuyna mooens, aneopumm, 0OUUCTIOBANbHULI eKCHepUMEH, Micye-
684 mepmooOpodKa, ONMUMI3AYisL.

Problem statement

The manufacture of large-sized products using the electroslag welding method leads to resi-
dual stresses, which require heat treatment of a certain area around the weld [1,2]. Traditionally, heat
treatment has been performed by heating the entire product, followed by holding and cooling in accor-
dance with a specified temperature schedule. This process is associated with high energy costs, and
these costs can be considered unjustified, since the technology requires heat treatment of only a cer-
tain, rather small, area around the weld. Taking this fact into account, local heat treatment processes
were introduced in practice, in which the thermal effect was carried out in a limited area around the
weld [2]. Local heat treatment processes are energy-saving, but their widespread implementation is
constrained by insufficient study of the features caused by local heat supply. The modes of local heat
treatment are still irrational, since they are based on the laws of general heating established on the ba-
sis of analytical calculation methods. At the current level of scientific development, the theoretical
substantiation of the modes of local heat treatment of large-sized products should be carried out on the
basis of mathematical and computer modeling.

Analysis of recent research and publications

The issues related to local heat treatment of large-sized products have been studied in the
works of many domestic scientists, among whom LN. Manusov, M.M. Bilyaev, V.A. Soroka, G.F.
Alekseev and others should be mentioned. Their works investigated the thermal state of products un-
der various conditions of external heat transfer, and mainly used analytical solutions to linear heat
conduction problems [2].

There are also some works devoted to the use of numerical and analytical schemes for calcu-
lating welded plate systems [3] and the application of the finite difference method to study the heating
kinetics of low-carbon steel during local heat treatment [4]. The two-dimensional nature and nonli-
nearity of heat transfer processes are taken into account in works [5, 6], in which a modified method of
elementary heat balances was used to research the features of local heating of large-sized products.

It should be noted that the vast majority of known works are devoted to one of the stages of
heat treatment, namely, heating the weld to a given temperature. As for the full cycle of heat treat-
ment, this issue requires further research, in particular, the development of computer-oriented mathe-
matical models and algorithms for their implementation.
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Formulation of the research objective
The purpose of the research is to develop and test a computer-oriented algorithm for modeling
the full cycle of local heat treatment of plate structures made by electroslag welding.
Presentation of the main material
Consider the process of local heat treatment of slab structures within the framework of the
scheme proposed in [6] (Fig. 1).
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Fig. 1. Thermal scheme of local heat treatment of the plate [6]

It should be noted that heat treatment of large-sized products manufactured by the electroslag
welding method is usually carried out in accordance with the schedule of changes in surface tempera-
ture in the weld zone (Fig. 2, a).

Fig. 2. Heat treatment schedules

Also note that the heat treatment schedule does not specify the heating and cooling time of the
product. It is only required that the heating rate does not exceed the specified rate V,;, and the cooling

rate did not exceed the set speed V,, . It is clear that the time for the heat treatment process as a whole
will be minimal if the conditions for realizing the maximum permissible speeds are provided V,,; and
V.,» . In this regard, a modified heat treatment schedule is proposed (Fig. 2, b). It provides for the regu-
lation of the time of each stage of heat treatment of products so that the following ratios are observed
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V=t —t)/t) , 1,=19 -1, Vyy =(t5 —t;)/(t3 — 7). The modified schedule does not contradict
the traditional schedule, but provides.

In order to comply with the modified heat treatment schedule, it is necessary to be able to
physically adjust the parameters of external heat exchange based on the corresponding mathematical
dependencies ¢ = ¢ (t,,, ) or ¢ = g (7 ) . The main purpose of mathematical modeling of the
local heat treatment process is to obtain the following dependencies.

To solve this problem, we will use a computer-oriented approach that has proven itself well in
solving similar problems before (see, for example, [7, 8]). The approach is based on the use of a mod-
ified method of elementary heat balances and actually consists in solving two problems at each time
step. First, it is necessary to find the parameters of the law using an explicit difference equation
q = q (7)) , that provide the temperature at point (0, R) in accordance with the modified heat treat-

ment schedule, and then use economical implicit difference schemes to determine the temperatures at
all other design points.

For the second of these tasks, a computer algorithm described in [6] can be used to solve the
problem. It is based on the use of a nonlinear mathematical model in the form of a two-dimensional
heat conduction equation with appropriate boundary conditions and a locally one-dimensional method
for implementing the model. In this case, the boundary condition on the surface of the plate was set as
follows;

l(t)ﬁ
Jy V=R
where ¢, (7) — density of the heat flux supplied to the surface of the plate (in accordance with the

=4q,(7), ()

adopted scheme g, (r) may vary in time, but is the same on the surface).

The first of the above tasks is to determine at each time step the value of , which would ensure
compliance with the schedule shown in Fig. 2,b. Using the method of elementary heat balances, we
obtain the formula for calculating the required heat flux density

qi =RoVy +R (tﬁM _tg,M)+ Ry (fln,M _tln,M—l)a (2)
where

VHI , 0<7r< 71
Vigp=40 , 11<t<15; 3)

VHZ , T2 <T < 73

_ Ay oy i+ )
Ry=cpip —L; Ri= e @
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In the following formulas tﬁj (i=1,2,..., N2;j=1,2,...,M) — temperature at a point

x;=({—-1Ax,y;=(j—-DAy atapoint in time 7, =nAz; 4; ; 1 ¢,; ; — thermal conductivity and
volumetric heat capacity at the same point, calculated from the temperature values at the previous time
step; Ax, Ay, At — parameters of discretization of the computational domain (steps for variables
x, y and 7, respectively); Ny =1+/,/Ax; M =1+R/Ay.

A generalized block diagram of the algorithm for modeling the full cycle of heat treatment is
shown in Fig. 3. Arrays T1, T2, and T3 in the block diagram of the algorithm correspond to tempera-

no o ntl/2 o+l respectively.

tures #; ;, & ; i

At the beginning of the algorithm (block 2 in Fig. 3, a), the functions are described /l(t) , Cy (t)
and a(t), which define the dependence of the thermal properties of the metal and the heat transfer
coefficient in zone 2 on temperature. Next (block 3), all the necessary data are entered, in particular,

the parameters of the difference grid Ax, Ay, At, Ny, Ny, M ; parameters of heat treatment sche-
dule (7, 75, 73, %, t|, t3), ambient temperature in zone 2 ¢.. Block 4 sets the start of the time
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countdown. In block 5, the temperatures of the design points are entered into the T1 array in accor-
dance with the initial condition. These temperatures are also entered in the T3 array. This is due to the
fact that when refining the values of a(t),/l(t) ,Cy (t) and q(t) array T3 will be used. Blocks 6-9 im-
plement calculations at the first stage of the heat treatment process, blocks 10-13 correspond to the
holding stage, blocks 14-17 correspond to the controlled cooling stage.
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Fig. 3. Generalized block diagram of the heat treatment process modeling algorithm

Fig. 3 b shows the detail of the “One step of calculations” block, which occurs three times in
the main block diagram (see blocks 8, 12, 16 to fig. 3, a). At the same time, block 2 provides refine-
ment of the values /l(t) , Cy (t) , a(t) and q(t) , which are initially calculated from the temperature val-

ues at the previous time step t{f ;- Using these coefficients, a full cycle of calculations is performed to

n+l

determine the temperatures at a new time step #; ;, and then all calculations are repeated three times,

but with the coefficients /l(t) , Cy (t), a(t) 1 q(t), which are listed by value t;f }rl

the heat flux density that needs to be delivered to the surface of the product to meet the specified heat
treatment schedule. Blocks 4-5 perform all the calculations necessary to determine the temperatures
tl-’f }rl on a new time step. These blocks are described in detail in [6]. Block 6 displays the calculation
results on the screen, and block 7 prepares for calculations at a new time step.

We emphasize that the algorithm presented in Fig. 3, makes it possible to calculate tempera-

ture fields both at the heating stage (Vg >0),and during the aging stages (V' =0)and cooling

. Block 3 calculates
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(Vg <0), this makes it possible to simulate the full cycle of heat treatment of a product. At the same

time, control parameters are determined in the form of heat flux density, the supply of which to the
surface of the product ensures the process in accordance with a given schedule.

The algorithm is implemented in the form of a program for a personal computer in the envi-
ronment of the Pascal ABC.NET programming system. A computational experiment was conducted to
confirm the effectiveness of the algorithm and establish the basic laws of the process of local heat
treatment of plate structures according to a given schedule.

Some results of the calculations are shown in Fig. 4. The following parameters were used:

R=0,2; [, =0,3m; [, =1,8 m; Ax=0,05m, Ay =0,05m, At =60c; plate material - steel 20. Parame-
ters of the heat treatment schedule: 7| =12 year.,, 7, =18 year., 73=24 year., t;= 20°C ,
t = 620°C, ty = 500°C. The ambient temperature was assumed to be equal to 7.=20 °C.
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Fig. 4. Results of testing the algorithm for modeling the full heat treatment cycle

Fig. 4, a shows the dynamics of temperature changes on the surface (y = R) and in the central
plane of the plate (y = 0) in the weld zone (x = 0). Since the temperature on the surface of the plate
corresponds to the specified schedule, it can be concluded that the developed algorithm makes it poss-
ible to calculate the value of the control parameter for the local heat treatment process, which follows
the modified schedule, and thus implements the optimal technological process in terms of speed.

The pattern of change in the heat flux density over time (Fig. 4, b) is in good agreement with
the known laws of heat transfer theory. The rate of change is the highest at the initial stage of the
process, then it decreases, gradually approaching the regular regime. When switching to the holding
mode, the heat flux density decreases sharply, as there is no need to increase the product temperature.
Another dramatic change occurs when you move to the controlled cooling stage. This is also unders-
tandable, because the need for new heat portions becomes even smaller, as the surface of the product
must be cooled.

From Fig. 4, b, it can also be seen that such parameters as the width of the heat supply zone
and the heat flux density (in fact: the power of the heating device) are interrelated. If the power of the
heating device is insufficient, the required result can be achieved by expanding the heat supply zone. If
it is constructively impossible to realize a heat supply zone of sufficient width, increasing the power of
the heating devices may be a solution.

Conclusions

For the purpose of ensuring rational modes of the technological process of local heat treatment

of plate structures, a computer-oriented algorithm for determining control parameters in the form of
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heat flows, which are supplied to the surface of the product, has been developed to ensure that the
process is carried out in accordance with a given heat treatment schedule. The process optimization in
terms of speed is achieved by conducting the technological process at the maximum allowable heating
and cooling rates.

The algorithm is implemented in the form of a program in the Pascal ABC.NET programming
system, which was used to conduct a computational experiment. The results of the experiment con-
firmed the possibility of applying the developed algorithm to control the rational modes of local heat
treatment of plate structures.
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