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FINITE-DIFFERENCE ALGORITHMS FOR CONTROLLING MODES
Of LOCAL HEAT TREATMENT OF LARGE-SIZED PRODUCTS

KIHIEBO-PI3HUIEBI AJITOPUTMHA YIIPABJIIHHSI PEXKUMAMHU
MICHEBOI TEPMOOBPOBKH BEJIMKOI'ABAPUTHUX BUPOBIB

The paper considers the problem of managing the modes of local heat treatment of large-sized
products in order to ensure compliance with the specified temperature schedule. A number of techno-
logical schemes of the process within the framework of two-zone and three-zone models with different
options for thermal insulation of the product outside the heat supply zone have been analyzed. A uni-
versal algorithm for determining the control parameters of the local heat treatment process according
to a given schedule is proposed. The algorithm is based on a locally one-dimensional finite-difference
method, in which direct and inverse thermal conductivity problems are sequentially solved at each
time step. Algorithms for solving direct problems take into account the specifics of various thermal
schemes of the process. The algorithm for solving the inverse problem is based on the use of the meth-
od of elementary heat balances and does not depend on the organization of the technological process.

The problem of organizing the process with ensuring the permissible temperature difference
in a certain area around the seam is also considered. It is proposed to use buffer heating zones with
the supply of heat flows of increased power. An algorithm for controlling such flows has been devel-
oped, which provides for a universal algorithm for solving a direct problem and takes into account the
specifics of the mode when solving an inverse problem. All the necessary formulas are given, a
flowchart of the algorithm for the implementation of the modeling process is built.

Keywords: mode control, finite-difference algorithm, local-one-dimensional method, flowchart,
local heat treatment.

06086 ’a3xK08UM emanom 8U20MOBNEHHS 8eIUKO2ADAPUMHUX Memaesux 8upobie MemoooM eleKm-
POULIAKOBO2O 38APIOBAHHSI € NPOBEOEHHSI MEPMIYHOI 0OPOOKU OJisl YCYHEHHS! 3ATUUKOBUX HANPYICEHD 6
30Hi 38apHO20 wea. Pecypcosbepizarouum eapianmom maxoeo npoyecy € micyeéa mepmoobpodbka oome-
JHceHoi 301U Upody HasKono wea. Heobxionicmy 0ompumManHs pexcumy mepmooopooKu i I0KaTbHUL Xa-
paxkmep nidgedeH s Meniomu 3yMOGIIOE 0COOIUBOCHI MEXHOA02IYHO20 Npoyecy i nompedye nooaIbUO20
BUBYEHHS, 30KPeMA, 8 HANPIMKY (POPMYBAHHS PAYIOHATILHUX YMO8 306HIUHbO2O MENTIO00OMIHY.

Y pobomi pozensinymi pso mexHoN02IMHUX CXeM NPOYECY 8 PAMKAX OB0X30HHUX | MPbOX30HHUX
MoOQenell 3 PiSHUMU 8apianmamuy menaioizonayii upody no3a 30H0I0 ni08edeHHsT meniomu. 3anpono-
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HOBAHUL YHIBEPCANbHULL AI2OPUMM GUSHAUEHHS NAPAMEMPIE YNPAGIIHHA NPOYECOM MiCYe80i mepmoo-
OpobKu 3a 3a0aHum 2paghikom. B OCHOGI aneopummy nexcums N0KANbHO-00HOBUMIPHUU DiZHUYUEBUL
Memo0, 8 PAMKAX AKO20 HA KONCHOMY YACOBOMY KpOYi NOCHIO08HO SUPIULYIOMbCA NPAMI [ 0OepHeHi
3a0ayi MenionposiOHOCHI. Aneopummu UPIUEHHS NPAMUX 3a0a4 8PAX0BYIOMb CREYUPIKY PI3HUX me-
NI0BUX CXeM npoyecy. Aneopumm supiwients obepuenoi 3a0aui 6a3yemvpcs Ha BUKOPUCTNAHHI MemOooy
eleMeHMAapHUX meniosux OaNancis i e 3anrexcums 8i0 Opeanizayii MexHoI02iUHO20 npoyecy.

Poszenanyma makoosc 3a0aua opeanizayii npoyecy 3 3a6e3nedeHHsIM OONYCIMUMO20 nepenaoy
memnepamyp 8 ne6Hiti 30Hi HABKOJO WBd. 3anPONOHOBAHO BUKOPUCMOBY8amu OYGhepHi 30HU HA2piey 3
nidgeoenHIM Meniosux NOmoKie niosuujenoi nomyosicnocmi. Pozpobaenuil areopumm ynpasiinns ma-
KUMU NOMOKAMU, AKUL nepeddauae YHiBepCalbHUull aneopumm upiuleHHs npamoi 3aoadi i 8paxosye
cneyu@ixy pexcumy npu eupiuienni obeprenoi 3aoaui. Hasedeni 6ci HeobXiOHi popmynu, nodyoosana
O110K-cxema aneopummy peanizayii npoyecy Mooento8anHs.

THooanvuii 0oCcniONHCeHHs NIAHYEMbCA CRPAMYBAMU HA NOWUPEHHS NPONOHOBAHO20 AN20PUM-
MY O THWUX 3a0a4 YNPAGIIHHS MEeXHOJIOSIYHUMU NPOYECaMi.

Kniouoei cnoea: ynpaeninus pexicumamu, KiHYeo-pisHUYEBULl aleopumm, JOKAIbHO-00HOGUMIDHULL
Memoo, O10K-cxema, Micyeea mepmooopooKa.

Problem’s Formulation

Local heat treatment is an important technological process that ensures high quality and dura-
bility of welded joints in industry by relieving stresses arising as a result of welding [1]. It is of partic-
ular importance for heavy engineering, where large-sized products weighing more than 100 tons and
5—12 m long are manufactured using electroslag welding [2]. This technological process is a progres-
sive resource-saving process that is important for the economy of any country [3]. At the same time,
certain aspects of the process have not yet been sufficiently studied, which requires further research in
this direction. In particular, this applies to the control of local heat treatment modes of large-sized
products in order to increase the energy efficiency of the process [2].

Analysis of recent research and publications

The study of thermophysical features of local heat treatment of products of different geome-
tries is devoted to the works of a number of domestic scientists, in particular I.N. Manusov, M.M.
Bilyaev, V.A. Soroka, G.F. Alekseev and others [2]. In their works, one of the stages of heat treatment
was mainly studied, namely heating to a given temperature under known conditions of heat supply to
the surface of the product. The main research methods were analytical methods for solving one-
dimensional linear thermal conductivity problems within the framework of two-zone models. At the
same time, real heat treatment processes are significantly nonlinear and require taking into account the
dependence of the thermophysical properties of the metal on temperature and the complex nature of
heat supply to the surface of the product. Analytical methods are not suitable in such cases, so it is
necessary to use numerical methods, in particular, finite-difference schemes for solving problems of
mathematical physics. This approach is used in the works [4—38] to study the regularities of local heat-
ing of large-sized structures according to various technological schemes (Tabl. 1), taking into account
the two-dimensional nature of heat transfer and nonlinearities of the process.

In all the above works, modeling algorithms based on finite-difference methods are used with
the use of a modified method of elementary heat balances in some cases [9]. At the same time, the
work [5] considered the full cycle of local heat treatment (heating + holding at temperature + cooling)
according to a given schedule with the determination of external conditions that ensure compliance
with the schedule. Thus, an attempt was made to control the local heat treatment regime. The approach
used can be used for other control tasks, including the purpose of designing optimal modes. This de-
termines the expediency of further studies of the features of local heat treatment, determination of ra-
tional conditions for the organization of the technological process.

Formulation of the study purpose

The purpose of the study is to develop finite-difference algorithms for determining external
conditions, which provide rational modes of the technological process of local heat treatment of
large-sized products.
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Table 1. Technological schemes of local heating

Technological scheme Feature
Scheme g oz Symmetrical
W
1 - two-zone model,
¢ ate )@/; ) 14.5]
noe W Lnoe G, I Epas
R fHrt1t ettt tHett WHH HMH I Tt T eeL
0 x
= © |00 © |
QAR AR RIANEY
21,
Scheme ) . Model with three
2 glx.t zones
0 o) C o) 0= ltno) (i o) S
il oo QTN oo (7 7 | produetin e zon
ol R @ @ @ @ @ R at the bottom of the
AT TETT}

R
]
=

0 7o NITrir e - | stove (adiabatic con-
45~ Alnoe) ™ broe ¢=0 T et 6 )

ditions),
21, [7]
Scheme y Three-zone model,
3 gx. 1)

the product in the
e 570 NI 0m0 0 520

heating zone lies on
the hearth of the
e @ @ @ @ @ @ { stove, in the cooling
z P o zone - heat-insulated,
3 - =0 : : [8]
Scheme '

q@ Two-zone model

1 (heating and cooling
g(x,7)

partdtbptttt] 4

zones)
THtttassttas with highlighting
21, in the heating zone of
@ 7 @ buffer zones,

- (6]

g(x,7)

Scheme g6, 1) y Two-zone model
5 Gfx.T) | gfx.T)
%4=0

(heating and thermal
LI %=0

insulation zones)

with highlighting
. R @ @ @ @ @ @ R in the heating zone of
buffer zones,

[8]

g, T)

© Kapimos LK., Kapimos I'.1., 2026.
Jlinewnsisa Creative Commons CC BY 4.0



70 Marematnune mozemoBanns Ne 1(54)2026

Presenting main material
Heat treatment of large-sized products made by electroslag welding is carried out in stage 3
(heating + holding at temperature + cooling) according to a given schedule of changes in the temperature
of the surface of the product in the weld zone. Typical heat treatment schedules are shown in Fig. 1.

Fig. 1. Heat treatment schedules

The traditional mode of heat treatment (Fig. 1, a) sets the maximum allowable rates of heating
V.1 and cooling V,,, and the time of holding at temperature z,. In the paper [5], an alternative mode

of heat treatment is proposed (Fig. 1, b), which provides for a more stringent regulation of the temper-
ature schedule and conducting the process at the maximum allowable rates of heating and cooling.

To implement control according to a given schedule, it is necessary to determine the law of
change in the external conditions of the process. In the simplest case, a heat flux is supplied to the sur-
face of the product, the density of which is constant on the surface, and changes over time, i.e.
d = q(z) . Determination of the law of change q(z) is one of the tasks of controlling heat treat-

ment modes. In fact, it is about solving the inverse problem of thermal conductivity: to determine the
boundary conditions that provide the required thermal state of the product. Since the method of finite
differences has proven itself well for solving direct problems of local heat treatment ([4—38]), it will
be natural to try to solve the inverse problem within the framework of the same approach.

The main idea of solving the problem of local heat treatment with determining the conditions
that provide a given schedule is as follows. A difference grid is introduced with the selection of charac-
teristic points in accordance with the adopted thermal scheme. For example, for scheme 1 (see Tabl. 1),

it has the form shown in Fig. 2, where Ny =1+1;/Ax , Ny =1+1,/Ax, M =1+R/Ay.

-
i, M N1.M i2,M Na,M
1,10 Sty i i S B s =’
TAy
. L Nz,
o= = =)
1.1
1] il ax Na1l X

Fig. 2. Difference grid

For point (1, M), an explicit difference equation is drawn up using the method of elementary
heat balances [9], from which the formula for derives q(z) . For any of the schemes given in Table 1,

it will look like

Ay (11, M+ 4A2,M )Ay (

(/11M +/11M71)
q" =Vy Cpum =+ 5 tm _tS,M)+ : :
2 2AX

20y (-t 1) @
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where tirfj is the temperature at the point (i,j) at a time z, =nAr; Aij I Cyj j is the coefficient of

thermal conductivity and volumetric heat capacity at point (i,j), calculated by temperature valuestﬂ i

u , 0<r<n
1
VH: 0 y TISTSTZ (2)
t3 —t
=1 , Tp<T<713
13- 172

Then, taking into account the valueq", temperature calculations are performed at the next

time step tﬁl according to the standard procedure of the local-one-dimensional method and the tran-

sition to the next time step occurs.
A generalized flowchart of the described algorithm is shown in Fig. 3, and the detailing of one
step of calculations is shown in Fig. 4.
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Fig. 3. Generalized flowchart of the algorithm

The algorithm uses three arrays of size N x M : they store the temperatures of the design points
at moments of time 7, =nAz (array T1); 74,.1/2 =7, +A7/2(array T2) and 7,1 =7, +A7 (array
T3). When performing each step of the calculations, 3 iterations are assumed (block 2 in Fig. 4,) to

clarify the values of the thermophysical coefficients 4; j i cy; j, as well as the values q" of. Only

after that, the values of the heat flux density q" and the temperature of the calculated points at the cor-

responding time step are printed (block 6 in Fig. 4). Note that the algorithms for the implementation of
blocks 4—5 (Fig. 4) depend on the thermal scheme of the process (see Tabl. 1).

© Kapimos LK., Kapimos I'.1., 2026.
Jlinewnsisa Creative Commons CC BY 4.0



72 Marematnune mozemoBanns Ne 1(54)2026

— &

Determine Print
‘En(TEU) using 0.9, T if
the formula (I) 7 [

4 [ Tl..=T3..
Calculation W W
T2 i (Tl !'J) s

5 —1 End
Calculation
Ty, (T254)

L 1

Fig. 4. Detailing the flowchart of the algorithm

Note that the records T2i,j (T1i,j) and T3i,j (T2i,j) mean that the T2 and T3 arrays are calculated
based on the data contained in the T1 and T2 arrays, respectively. The same applies to the notation q” ( T3i,j).
When carrying out the technological process according to schemes 4 and 5 (see Table 1), the
question arises about such a heat flux power in the buffer zone g4 (z) that provides a permissible
temperature difference AT in the weld zone (|x| < lp) . The corresponding algorithm can be built

on the basis of the approach described above, i.e. on the basis of the local-one-dimensional method
and the method of elementary heat balances.
The heat flow g (z) must ensure the execution of the heat treatment process according to a

given schedule. Its value q at each time step is determined by the formula (1). To derive the formula

for calculating the value, qf it is necessary to make an explicit difference equation for the point
(i1,M) (see Fig. 2) at iy =K =1+1p/Ax . Using the method of elementary heat balances, we have

Ax  km +Akma) (k-1m +2k.m) A
(a0 + )—— KMZAyKM ! (tIQ,M _tQ,M—l)'AXJF K l'\;AX KM (t,Q, _tKM) 2y
A +A A AXA
_( - 2AXK+11M)(t*Q,M _tlQ+1,'V|)' 2y Cok m (th —AT ZXATy
from where
A +A _
of = Cok m (th AT) ); (K‘M AyK‘M l)(t*Q,M _tIQ,M—l)_
Ak _ A A A A
_( K-1LM T 4K M )AY(&_LM _tIQ,M)"‘( KM +AKiim ) y(t;Q,M —t,’l+1,M)—q8. 3)

2AX? 2AX?

Thus, the problem of controlling local heat treatment when introducing buffer zones (schemes
4, 5) can be solved using an algorithm, the generalized block diagram of which is shown in Fig. 3. In
block 3 of this algorithm, it is also necessary to provide for the introduction of parameters K and AT ,
which take into account the specifics of thermal schemes 4, 5.

In addition, it is necessary to take into account that it is advisable to turn on the high power
mode in the buffer zone only when the temperature difference in the weld zone exceeds the value AT of.
To do this, it is necessary to modify the flowchart of the algorithm detailing as shown in Fig. 5.

Conclusions

A universal algorithm for determining the control parameters of the local heat treatment pro-
cess according to a given schedule is proposed. The algorithm is based on a locally one-dimensional
difference method, in which direct and inverse thermal conductivity problems are sequentially solved

© Kapimos LK., Kapimos I'.1., 2026.
Jlinewnsisa Creative Commons CC BY 4.0



Po3nin 1. MaTemarnuHe MOJICIIIOBaHHS B IPUPOJIHUYMX HayKax Ta iHpopMauiitHi TeXHOIOTi1 73

rlo
Frint
Determine ;m n
£(T3,,) wing LRI
the formula (1) T3y
PR B 11 |
e Tl,;;=T3;;
Z= T31::\I_T3K:M i i
3 ) 12
Yes Z< AT Mo End
& Determine
qn - qn EET(TE !'J') using
1 !
¢ the formula(3)
5 |
Calculation
T2y (T1 J},i")
9 |
Calculation
T3 w (T2 z'lj)‘
[

Fig. 5. Detailing the flowchart of the main algorithm for schemes 4, 5

at each time step. Algorithms for solving direct problems take into account the specifics of various
thermal process schemes within the framework of two-zone and three-zone models with different op-
tions for thermal insulation of the product outside the heat supply zone. The algorithm for solving the
inverse problem is based on the use of the method of elementary heat balances and does not depend on
the organization of the technological process.

The problem of organizing the process with ensuring the permissible temperature difference
in a certain area around the seam is also considered. It is proposed to use buffer heating zones with the
supply of heat flows of increased power. An algorithm for controlling such flows has been developed,
which provides for a universal algorithm for solving a direct problem and takes into account the spe-
cifics of the mode when solving an inverse problem. The necessary formulas are given, a flowchart of
the algorithm for implementing the modeling process is built.

Further research is planned to be directed to the dissemination of the proposed algorithm for
other tasks of technological process control.
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